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ABSTRACT

Sclerocactus wetlandicus: Habitat Characterization, Seed Germination and
Mycorrhizal Analysis
by
Kourtney T. Harding, Master of Science
Utah State University, 2017

Major Professor: Dr. Janis L. Boettinger
Department: Plants, Soils, and Climate

The Uinta Basin hookless cactus (Sclerocactus wetlandicus) is a threatened
species native to Eastern Utah. The cactus is found in a landscape highly disturbed by
non-renewable energy production. To understand the environmental conditions that
support natural growth of this cactus, we asked whether plant communities differed in
the undisturbed areas where the cactus is and is not found. We then compared
undisturbed communities to those found on disturbed areas such as reclaimed well
pads. Plant community characterization was accomplished with the line-point intercept
method, and data were analyzed using Non-Metric Multidimensional Scaling. There was
no significant difference in occupied and unoccupied undisturbed plant communities; S.
wetlandicus associates with the common vegetation found in the study area. In
contract, plant communities on the well pads were significantly different from those
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present in undisturbed locations. The disturbed areas were dominated by non-native
weedy species and bare soil, thus differing from undisturbed habitats that contained
higher relative vegetation cover and a mix of species from all functional groups both
native and non-native.
To help restore this threatened cactus in disturbed habitats as well as prevent
future extinction, we developed and tested a protocol for cactus seed germination in
the greenhouse and successfully produced seedlings with a ~75% germination rate.
Additionally, an important factor contributing to the successful growth of this
threatened cactus is the presence of arbuscular mycorrhizal fungi (AMF). By extracting
the DNA from root samples of wild cacti we were able to identify the presence of AMF
from the families Glomeraceae and Claroideoglomeraceae representing three genera:
Rhizophagus, Glomus, and Claroideoglomus. Sequences closest to Rhizophagus
irregularis were identified from multiple root samples. Cactus seedlings may be
inoculated with the fungi to promote their growth and ultimately their survival in the
wild. Our study indicates that because S. wetlandicus is part of the common plant
community of the study area and the well pads are vastly different from the common
plant community, disturbed areas should be reclaimed in a way that better resembles
undisturbed habitats to increase the likelihood that the newly planted cacti can thrive.
(161 Pages)
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PUBLIC ABSTRACT

Sclerocactus Wetlandicus: Habitat Characterization, Seed Germination
and Mycorrhizal Analysis
Kourtney T. Harding

The Uinta Basin hookless cactus (Sclerocactus wetlandicus) is a threatened
species native to Eastern Utah. The cactus is found in a landscape highly disturbed by
non-renewable energy production. To understand the environmental conditions that
support natural growth of this cactus, we asked what types of plants were present in the
same areas as the cactus, and if the types of plants were different in environments that
were disturbed. From our assessment, we determined that the types of plants present
in disturbed areas were drastically different from those present in undisturbed
locations. Areas previously used for energy production are dominated by non-native
weedy species, thus differing from undisturbed habitats that contained a mix of species
from weeds to long-lived shrubs and grasses both native and non-native. To help restore
the natural presence of this threatened cactus in disturbed habitats as well as prevent
future extinction, we developed and tested a protocol for cactus seed germination in
the greenhouse and successfully produced seedlings. Additionally, an important factor
contributing to the successful growth of this threatened cactus is the presence of helpful
microorganisms, or fungi. Therefore, we determined which types of fungi are naturally
present on the roots of the cactus in the wild. We plan to include these specific fungi in
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the soil used to grow the cactus seedlings to promote their growth and ultimately their
survival in the wild. Our study indicates that although there is potential for successful
reintroduction of the cacti to disturbed areas, these areas should first be reclaimed in a
way that better resembles undisturbed habitats to increase the likelihood that the
newly planted cacti will thrive.
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CHAPTER 1

INTRODUCTION
Throughout history, humans have altered the face of the Earth and have seen,
many times, that their actions can have major impacts upon the planet’s natural
systems (Hughes and Thirgood, 1982). Species loss is one consequence of both
anthropogenic and natural change that is important for us to be aware of and
understand (Diaz et al., 2006). Some scientists believe we have entered the Earth’s sixth
mass extinction period (Barnosky et al., 2011). This is concerning for many reasons, but
most importantly because humans rely on healthy ecosystems for life. Life-giving
services such as carbon sequestration, oxygen production, water retention and
filtration, nutrient cycling, food production, pharmaceuticals, bioremediation, and soil
stability are just a few of the ways healthy ecosystems are important to humans (Diaz et
al., 2006). Ecosystems with greater species diversity tend to have higher primary
production and nutrient retention rates (Tilman et al., 1997). Experiments suggest that
decreased species diversity will have significant negative effects on the productivity and
sustainability of many ecosystems (Tilman et al., 1997). Thus, a loss of species diversity
can lead to a loss in benefits to humans (Vitousek and Melillo, 1979).
Many species are disappearing without having been studied or fully understood,
often because those species are rare. Endemic species are important because they occur
in a specific geographic habitat and may fill a niche that is unique relative to more
common species. Therefore, it is important for us to study and understand the role that
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rare, endemic species have in their ecosystems because until we do so, we cannot fully
understand the consequences of rare species loss (McNaughton, 1978).
Species are rare for a number of reasons. Rare species can be part of a relict
population, a young population, or a population that has experienced geographic or
genetic divergence (Kruckeberg and Rabinowitz, 1985). Many rare species experience
limited dispersal or poor propagation (Ellner and Shmida, 1981; Krause et al., 2015) and
often occupy a unique niche (Kunin and Gaston, 1993; Baker et al., 2016). This thesis will
look at the propagation and the biotic niche requirements of Sclerocactus wetlandicus
(Hochstätter, 1993).
Previously, S. wetlandicus was classified as Sclerocactus glaucus. Since its initial
federal listing as a threatened species in 1979 (USDI-Fish and Wildlife Service, 1979), S.
glaucus was split into three distinct species: S. glaucus, S. brevispinus and S.
wetlandicus. Sclerocactus wetlandicus (Uinta Basin hookless cactus) is a barrel cactus
that reaches a size of 4 to 18 cm (Figure 1-1). There are 12 to 15 vertical ribs that run
along the length of the plant. The ribs have areoles along them, which is where the
spines originate (Heil and Porter, 2004). Around each areole extend 6 to14 radial spines
and 1 to 5 central spines. The central spines lack a distinct hook, making it easier to
distinguish from other Sclerocactus species. The cactus produces multiple large flowers
ranging from magenta to pale pink in color (Heil and Porter, 2004) (Figure 1-2). These
flowers attract many pollinators and are an important food source for ground nesting
bees (Tepedino et al., 2010).
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Non-renewable energy production in the United States has greatly increased
since the 1950’s and is projected to continue increasing in the future (Braun et al., 2002;
Utah Division of Oil, Gas, and Mining, 2014). The Uinta Basin of eastern Utah is currently
involved in much of this production. Uintah County in the Uinta Basin produces up to
43,000 times more natural gas than any other county in Utah (Utah Division of Oil, Gas,
and Mining, 2014). Many rare plants grow in the Uinta Basin, including Sclerocactus
wetlandicus (Tepedino et al., 2010). Oil and gas development boundaries envelope over
75% of the total potential habitat for S. wetlandicus (Utah division of Oil, Gas, and
Mining, 2014). The greatest threats from energy development are thought to be habitat
fragmentation and disturbance to soils and wildlife. Roads, well pads, pipelines,
evaporation ponds for fracking wastewater and compressor stations cause disturbance
and fragmentation to the land (Farmer, 1993; U.S. Fish and Wildlife Service, 2007).
Extensive revegetation is needed to restore this disturbed landscape, including
the planting of S. wetlandicus and its potential associated species. It is not yet known if
S. wetlandicus is associated with a unique plant community, as many rare plants are
(Macior, 1978; Richardson et al., 1989). The answer to that question will be helpful to
guide both conservation and restoration strategies.
Further, there is little information available on the germination of Sclerocactus
species, including S. wetlandicus. Cactus germination in general is variable, with some
species easily grown from seed and others not (Campbell, 2004; May, 1980; RojasAréchiga and Vázquez-Yanes, 2000). The successful germination of S. wetlandicus will be
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essential for future reclamation efforts. Therefore, the development and testing of a
germination protocol for growing seedlings for future population augmentation or
reintroduction is needed.
The formation of well pads not only affects the plant communities but also
creates a significant amount of disturbance to local soils (Frost et al., 2001; Mason et al.,
2011). Revegetating restored well pads with native species is difficult to achieve. Even
when successful, revegetation in these harsh environments usually takes many years,
and even longer if the soils are not healthy (Frost et al., 2001). The health of the soil and
the microorganisms that live therein, specifically arbuscular mycorrhizal fungi (AMF), are
important for successful plant reestablishment on disturbed sites (Caravaca et al., 2003;
Klironomos, 2000; Requena et al., 2001). AMF are specialized fungi that form symbiotic
relationships with the roots of over 80% of vascular plants on earth (Brundrett, 2009;
Smith and Read, 2008). AMF are obligate fungi that cannot finish their life cycles
without a host plant (Smith and Read, 2008). Their hyphae colonize the roots of host
plants and form arbuscules between the membrane layers of the cell, where the
transfer of nutrients and photosynthates occurs (Smith and Read, 2008). Mycorrhizae
have been identified as root symbionts with many species of desert and shrubland
plants, including cacti (Carillo-Garcia et al., 1999; Frost et al., 2001; Pimienta-Barrios et
al., 2002; Staffedlt and Vogt, 1974; Stahl et al., 1998). Research has shown that AMFinfected plants are more tolerant to disturbances and can establish in disturbed sites
more easily than non-infected plants (Frost et al., 2001; Caravaca et al., 2003).
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The inoculation of AMF to restored habitats might improve soil conditions and
the chances for successful seedling establishment. AMF can improve soil conditions in
many ways. By excreting a glycoprotein from their hyphae, AMF are able to cement soil
particles together, increasing the aggregation of soil (Borie et al., 2008; Caravaca et al.,
2003). Soils with AMF also tend to have higher levels of organic matter, nitrogen and
moisture (Requena et al., 2001). Studies conducted on degraded soils in Spain and
Iceland found that AMF-inoculated plants had greater root length, plant height, plant
diameter, and leaf biomass than plants that were not inoculated (Greipsson and ElMayas, 2000; Requena et al., 2001). AMF-inoculated Artemisia tridentata seedlings in
the western United States had greater water stress tolerance after transplanting, than
seedlings that were not inoculated (Stahl et al., 1998). This same tolerance to drought
was found in the cactus Opuntia robusta of central Mexico (Pimiento-Barrios et al.,
2002). Such a relationship between S. wetlandicus and AMF could be a key component
to successful habitat regeneration and seedling establishment in the disturbed areas of
the Uinta Basin. However, it is not known whether S. wetlandicus forms associations
with AMF.
S. wetlandicus occurs in the Greater Natural Buttes (GNB) gas field, east of the
Green River in Uintah County, Utah, USA. Many areas of the GNB continue to be
developed for energy production, while some well pads have been reclaimed, but there
is no information regarding the suitability of these sites for cactus growth. In order to
gain a better understanding of where this cactus can grow and if reestablishment on
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reclaimed sites is possible, the above and below-ground characteristics of S. wetlandicus
habitat and the above-ground characteristics of reclaimed well pads were characterized.
The specific objectives of this thesis were to:
1. Quantify characteristics of vegetation in (a) undisturbed occupied sites (both S.
wetlandicus present and absent locations), (b) undisturbed unoccupied sites, and
(c) disturbed reclaimed sites, specifically reclaimed well pads. The primary goal
was to determine key vegetative characteristics associated with native S.
wetlandicus habitat and compare to unoccupied and reclaimed/disturbed sites
to assess suitability for reintroduction and to potentially identify communities
associated with the presence of S. wetlandicus. (Chapter 2)
2. Develop a successful germination protocol and produce seedlings for future outplanting. (Chapter 3)
3. Determine the presence and nature of mycorrhizal associations with the roots of
S. wetlandicus. (Chapter 4).
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TABLES AND FIGURES

Fig. 1-1. Sclerocactus wetlandicus in the wild. The lack of a hook on the central spines is
visible, helping to distinguish it from other Sclerocactus species and giving it its common
name, Uinta Basin hookless cactus.
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Fig. 1-2. Sclerocactus wetlandicus in the wild with multiple flowers, blooming at various
stages.
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CHAPTER 2

VEGETATION AND SOIL SURFACE COVER CHARACTERIZATION

Introduction
Species diversity positively impacts all living things on earth. However, human
activities, such as the burning of fossil fuels, have led to climate change and habitat
destruction (Butchart et al., 2010). These changes can lead to a decrease in diversity,
followed by a decrease in ecosystem services (Cardinale et al., 2012; Lyons et al., 2005).
This is of great concern for ecosystems that are fragile or not well understood. Rare
species are especially vulnerable in times of rapid change. When it comes to protecting
rare species and the ecosystems they inhabit, we need to understand why the species
are rare to begin with. Species are rare for a number of reasons. They may be part of a
relict or young population, or a population that has experienced geographic or genetic
divergence (Gentry, 1988; Griggs, 1940; Kruckeberg and Rabinowitz, 1985). Many rare
species have limited dispersal or poor propagation (Ellner and Shmida, 1981), and often
have very specific abiotic and biotic habitat requirements (Kunin and Gaston, 1993). The
rare species of interest for this project is Sclerocactus wetlandicus. This chapter assesses
the aboveground habitat of this species on undisturbed and disturbed sites.
Sclerocactus wetlandicus Hochstätter (Uinta Basin hookless cactus) is a federally
listed threatened cactus that is endemic to the Uinta Basin of northeastern Utah, USA.
Previously S. wetlandicus was classified as Sclerocactus glaucus. Since its initial listing as
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a threatened species in 1979 (USDI-Fish and Wildlife Service. 1979), S. glaucus was split
into three distinct species: S. glaucus, S. brevispinus and S. wetlandicus. Sclerocactus
wetlandicus is a small barrel cactus that reaches a size of 4 to 30 cm tall, though most
range between 4 and 18 cm. There is some variety in the barrel shape of the plant, with
some individuals spherical, and others ovoid, or elongate cylindrical. There are 12 to 15
vertical ribs that run along the length of the plant. The ribs have areoles along them
(Heil and Porter, 2004). Around the areoles extend 6 to 14 radial spines and 1 to 5
central spines. The central spines lack a distinct hook, giving it its common name and
making it easy to distinguish from most other Sclerocactus species. The cactus produces
multiple large flowers ranging from magenta to pale pink in color (Heil and Porter,
2004). These flowers attract many pollinators and are an important food source for
ground nesting bees (Tepedino et al., 2010).
The greatest threat to this species comes from non-renewable energy
production that has created a highly fragmented and disturbed landscape. The creation
of well pads involves the removal of the vegetation and upper soil horizons, followed by
heavy compaction (Minnick and Alward, 2015). The destruction of the soil structure,
organic matter content, as well as the seed bank creates areas drastically different from
the surrounding undisturbed habitat. This level of disturbance is concerning for all plant
life, but especially threatened and rare species. It is unknown why S. wetlandicus is rare
and whether it is part of a unique plant community or not. Some communities
containing endemic species are very unique while others contain more common species
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(Griggs, 1940; Kruckeberg and Rabinowitz, 1985). Many rare species associate very
closely with a specific set of species, like Pedicularis furbishiae in the state of Maine
(Macior, 1978), or Penstemon grahamii, another rare endemic of the Uinta Basin
(McCaffery et al., 2014). However, these examples occur in a specific community
because they grow on unique substrates where few species are able to tolerate the soil
conditions. The soil requirements of S. wetlandicus have been investigated as part of
another M.S. thesis project (Armentrout, unpublished data, 2017) and will further help
land managers make decisions about the conservation of this species.
In a highly disturbed landscape, species composition can quickly change with the
introduction of invasive species, and the successional changes following disturbance
(D’Antonio and Meyerson, 2002; Hejda et al., 2009). Such drastic changes could
negatively affect rare species if they are dependent on a specific composition of their
community. In addition, if S. wetlandicus is associated with particular plant communities
this will have implications for conservation (e.g. help identify suitable habitat) and
restoration (e.g. help restore suitable habitat). In order to determine whether
Sclerocactus wetlandicus associates with a particular vegetative community, the
communities where the cactus does and does not occur must be characterized.
Our objective in this chapter was to characterize the vegetation and soil surface
characteristics of four different habitat types and compare them. The four habitat types
considered are: (1) undisturbed S. wetlandicus-occupied site at a location centered on a
S. wetlandicus individual (occupied present), (2) undisturbed S. wetlandicus-occupied
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site at a location with no S. wetlandicus individual within 15 m (occupied absent), (3)
undisturbed S. wetlandicus- absent site at least 50 m from any S. wetlandicus individual
(unoccupied), and (4) reclaimed well pad site (well pad). No S. wetlandicus plants were
found on any of the reclaimed well pad sites. By comparing the different habitats we
can hopefully gain a better understanding of why S. wetlandicus grows in specific areas,
and if these areas should be protected. This information could also help identify if the
cactus would be able to grow in other undisturbed areas of the Uinta Basin and on
reclaimed well pads.
Materials and Methods
Study Area
Our study site is located in the Greater Natural Buttes (GNB) gas field, which
covers 660 km2 (163,000 acres) in the center of the Uinta Basin. The basin is east of the
Wasatch Mountains and south of the Uinta Mountains and makes up part of the White
river and Green river drainages. The Uinta Basin is part of the Colorado Plateau Province
(Stokes, 1977) and is a cold arid steppe Koppen-Geiger climate class. The study area
receives 12 to 41 cm of mean annual precipitation and has a mean annual air
temperature of 5 to 9˚ C (Soil Survey Staff, 2014). The dominant plant species are: mat
saltbush (Atriplex corrugata), black sagebrush (Artemesia nova), Gardner’s saltbush
(Atriplex gardneri), James’ galleta grass (Pleuraphis jamesii), Indian ricegrass
(Achnatherum hymenoides), broom snakeweed (Gutierrezia sarothrae), and cheatgrass
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(Bromus tectorum) (USDA, 2015). Our study area has elevations that range from 1416 m
to 1846 m.
Sampling design
A multi-step process was used to select undisturbed sites using ArcGIS® and
ArcMap™ 10.1 software by ESRI (ESRI, 2012). First, possible sampling sites within the
GNB were limited by a 300-foot buffer on all roads and well pads, and a 30-m buffer
around long-term study plots monitored by SWCA Environmental Consultants. Second,
all private and tribal land was excluded from the potential sampling area. Third, from
the remaining area, occupied sites were determined using the Kernel density tool in
ArcGIS and cactus location data from the Bureau of Land Management. The five densest
populations of S. wetlandicus were identified and occupied sampling polygons (sites)
were created around those populations. These polygons ranged from 8,900 m 2 to
140,000 m2. Within each occupied polygon, three randomly selected cacti at least 15 m
apart from each other were used as occupied present sampling locations. In the same
occupied polygons, three points at least 15 m from any S. wetlandicus plant and from
each other were randomly selected for the occupied absent sampling locations.
These occupied polygons (sites) were then paired with unoccupied polygons
(sites), which were of similar size and geologic and lithologic features as the occupied
polygons and were verified with field sampling to be absent of S. wetlandicus (no S.
wetlandicus plant within 50 m). For unoccupied sampling locations, three randomly
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selected points at least 15 m from each other were located in each unoccupied polygon.
Refer to Fig. 2-1 and Fig. 2-2 for maps of the study area and undisturbed polygons.
Well pad sampling sites consisted of 18 disturbed and reclaimed well pads within
the GNB (Fig. 2-3). These sites were selected from a list of locations provided by
Anadarko Petroleum Company. The final sites were selected based on the following
criteria: sites had been used for drilling (based on historical site data and Google Earth
imagery), had been reclaimed, were accessible, and were on BLM land. One randomly
selected point was sampled per well pad (Fig. 2-2).
Representative photographic examples of plots are shown in Fig. 2-4 (occupied
present), Fig. 2-5 (occupied absent), Fig. 2-6 (unoccupied), and Fig. 2-7 and 2-8 (well
pads).
Sampling Method
Vegetation sampling was conducted using the line-point intercept method
(Herrick et al., 2005a). A total of 63 locations were sampled: 15 occupied present, 15
occupied absent, 15 unoccupied and 18 well pad locations. Due to the heterogeneity of
the landscape, sample plots were 8 m x 8 m, substantially smaller than the typical
sampling plots between 30 m and 50 m on the side. Each 8 m x 8 m plot included 5
transects, 2 m apart, running perpendicular to the slope, with transect 1 at the bottom
of the slope. Adapting methods developed by Herrick and colleagues (2005 a, b), a wirestake flag was dropped at 0.25 m intervals starting at 0.25 m and ending at 7.75 m;
hence there were 30 points per transect and 150 points per plot. At each point each
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species contacting the wire was recorded, as well as the soil surface categories (see
Tables 2-1 and 2-2). Occupied present plots were centered 0.5 m from the randomly
selected S. wetlandicus plant used to select the sampling location. The offset was
perpendicular to the slope and in the direction that would cause the least amount of
disturbance to the plant (refer to Fig. A-1 in Appendix A). Details of sampling and a
complete list of soil surface categories are in Appendix A. Environmental variables
(elevation, slope, and aspect) were recorded at each plot.
Statistical Analysis
Field-collected data were entered into the Database for Inventory, Monitoring
and Assessment (DIMA) developed and maintained by the USDA-ARS Jornada
Experimental Range (Courtright and Van Zee, 2011). An indicators report generated
through the database provided proportional cover of each indicator (plant species and
soil surface categories) for each plot. The report first calculated the average cover per
transect by taking the total number of points where each indicator occurred at least
once then divided that by the total number of points possible per transect (30)
(Courtright and Van Zee, 2011). It then calculated average cover per plot by taking the
sum of the transect averages and dividing them by the total number of transects (5)
(Courtright and Van Zee, 2011). To account for the circular nature of aspect, sine and
cosine transformations, representing northness and eastness (Roberts, 1986), were
computed. Elevation was included in analyses of only the undisturbed sites, because the
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well pads were not chosen at random and tended to be at higher elevations than the
undisturbed sites.
We used non-metric multidimensional scaling (NMDS) ordination to find and
describe vegetation community patterns (McCune et al., 2002; Zuur et al., 2007). NMDS
is useful for non-normal data, has no major disadvantages, and is able to use any
dissimilarity measure (McCune et al., 2002); in our analyses, the distance matrix was
comprised of Bray-Curtis dissimilarities. We applied NMDS to the data containing
proportional species cover by plot (hereafter referred to as vegetation data) for all
habitat types (occupied present, occupied absent, unoccupied, and well pad) and then
again for only the undisturbed habitats excluding well pads) using the metaMDS
function in the vegan package (Oksanen et al., 2013) in R software (R Core Team, 2013).
Vegetation community composition was compared among habitat types with
permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis
dissimilarity distance matrices using the adonis function in the vegan package. To
interpret vegetation patterns relative to environmental factors (elevation, slope, aspect,
and soil surface categories), we fit environmental vectors onto the NMDS ordination
using the function envfit in the vegan package.
Results
The NMDS of the vegetation data for occupied present, occupied absent,
unoccupied and well pad sites revealed two main clusters of sites and species (Fig. 2-9).
There is a separation of the sites and species on the left from the main cluster on the
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right side of the graph. The sites on the left are well pad sites. Eight of the 10 species on
the left are exotic annuals (USDA, 2015) and were found only on the well pads.
Therefore, the plant communities found on the well pads were vastly different than
those found in the undisturbed habitats.
PERMANOVA of the vegetation data using all four habitat types was significant
(Table 2-3). Thus, we reject the null hypothesis and conclude that at least one of the
habitat types is different from at least one other habitat type.
The ordination supports the hypothesis that the well pads were different from
the other habitat types, which is further illustrated in Fig. 2-10. One unoccupied site was
clearly distinct from any other, seen by the outlier on the far bottom left corner of the
plot. This site is representative of the dominant habitat in the northeastern section of
the GNB, which is classified as badlands. It is mostly bare soil with high rock fragments.
Because it has very little weedy vegetation and no native vegetation, it is not likely a
potential location for cactus establishment. Removing this unusual site did not change
the results but did reveal an even clearer separation between well pads and the three
undisturbed habitat types as shown in Fig. 2-11.
There was no evidence of vegetation community differences among the three
undisturbed habitat types (occupied present, occupied absent, and unoccupied) as seen
by the lack of distinct clusters in Fig. 2-12 and in the extensive overlap of centroids in
Fig. 2-13. Thus, it is not surprising that the PERMANOVA analysis excluding well pad sites
was not significant (Table 2-4), and we failed to reject the null hypothesis. This
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combination of analyses demonstrates that the occupied present, occupied absent, and
unoccupied habitat types do not differ from each other at the level of plant community,
but they do differ substantially and significantly from the well pads.
Although the NMDS provides no evidence of differences in vegetation of
occupied and unoccupied sites at the community level, there is evidence that particular
species are associated with S. wetlandicus, though relatively weakly. Objects ordinated
closer together in the NMDS plot are considered more similar in how they interact with
the community, while the father objects are from each other the more dissimilar they
are. Species that are most similar to S. wetlandicus based on visual observation of the
NMDS plot in Fig. 2-12 are: Bassia americana (BAAM4), Elymus elymoides (ELEL5),
Hesperostipa comata (HECO26), Atriplex corrugata (ATCO4), Plantago patagonica
(PLPA2), Pleuraphis jamesii (PLJA), and Sphaeralcea coccinea (SPCO). All of these species
are common and widespread in the Uinta Basin (Goodrich and Neese, 1986). This
indicates that S. wetlandicus is part of the common vegetative community found in the
study area, and not strongly associated with a unique set of species. The recovery
outline for S. wetlandicus also identified P. jamesii as an associated species (U. S. Fish
and Wildlife Service, 1990).
The environmental fit supports the results from the NMDS; the well pads are
different from the undisturbed sites and S. wetlandicus is simply another member of the
common, widespread community (Figs. 2-14 and 2-15). The well pads on the left side of
Fig. 2-14 have the highest amount of bare soil, ant mounds, and ant disks, as well as, the
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lowest amount of rock fragments and biotic material (e.g. moss, embedded litter). In
Fig. 2-15 we show only the undisturbed sites and can see more clearly where S.
wetlandicus is found. It is situated roughly in the center of the plot, indicating a lack of
extreme conditions associated with it. It tends to occur in areas of moderate amounts
of fine gravel, low percentage of moss, low percentage of bare soil, and on moderate
slopes in the GNB.
Discussion
Habitats found on well pads significantly differ from undisturbed habitats in the
GNB. These results are not unique to the GNB. Multiple studies conducted in
neighboring Colorado and Wyoming found similar results. Disturbances associated with
coal bed methane development in Wyoming included greater salinity in the disturbed
soils and an increase of non-native plant species richness, which was significantly higher
than in undisturbed areas (Bergquist et al., 2007).
One study in Colorado measured the soil organic carbon on abandoned and
reclaimed well pads and compared their findings with undisturbed reference sites in big
sagebrush communities (Minnick and Alward, 2015). Although the well pad sites had
close to 50 years for recovery, none of them had soil organic carbon concentrations
resembling those found on the reference sites (Minnick and Alward, 2015). Not only do
the soil organic carbon concentrations take decades to recover, but so does the percent
cover of big sagebrush and native forbs. In Wyoming oil and natural gas fields, disturbed
sites had significantly more weedy forb species and acted as vectors for dispersal of
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these weeds to undisturbed areas (Avirmed et al., 2015; McWilliams, 2008). Both
studies indicated that it can take 70-100 years for healthy communities of shrubs and
forbs to recover from the disturbances caused by energy production (Avirmed et al.,
2015; McWilliams, 2008).
The undisturbed sites sampled were not significantly different from each other
and we found no indications that S. wetlandicus grows in unique habitats of the GNB.
This is different from other rare species found in the Uinta Basin. Other rare endemic
species tend to be found in distinctive, sparsely vegetated habitat on unique substrates.
Two examples from the Uinta Basin are Hesperidanthus suffrutescens and Penstemon
grahamii (Baker et al., 2016; McCaffery et al., 2014). Cycladenia humilis var. jonesii is
found in Utah and Arizona on clay soils high in gypsum (Sipes and Wolf, 1997), and
Arctomecon californica is similarly found in sparsely vegetated habitats of high gypsum
soils in parts of Nevada, Utah and Arizona (Megill et al., 2011). A. californica negatively
associates with most plant species in the shadscale and saltbush habitat where it is
found (Megill et al., 2011). Phacelia submutica is a rare forb endemic to Western
Colorado found on exposed hillsides of clay soils with little to no other vegetation
present (Langton, 2015).
While these other endemics are found in sparsely vegetated habitat that is
visually distinct from surrounding unoccupied habitat, S. wetlandicus is found in
relatively abundantly vegetated areas that are commonly found throughout the GNB.
Although this characteristic is uncommon in the Uinta Basin, there are rare species
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found in common habitats in other regions. Tauschia stricklandii is a species endemic to
the mountain meadow community of Mount Rainier National Park where in some areas
of the meadow it is considered dominant and mixes with common species in the
community (Henderson, 1973; Kruckeber and Rabinowitz, 1985).
One explanation for the rare nature of S. wetlandicus is likely related to the
reproductive ecology of the species. The range of seed dispersal is very limited due to
the large size of the seeds and the nature of the fruit and parent plant. The fruit is not
fleshy and edible as many other cactus fruits, so are less likely to be moved by animals.
The seeds simply fall into the spines of the parent plant where they are protected from
seed predation. See Fig. 2-16 for an example of the limited distance of seed dispersal;
seeds typically fall at the base of the mature plant and are mainly dispersed by gravity
and water. Fragmentation caused by roads and well pads is likely a major hindrance to
the occasional longer-distance dispersal of the species. Results presented here suggest
there is likely substantial suitable but unoccupied habitat within the GNB area due to
dispersal limitation.
The data strongly support the interpretation that the plant community does not
define S. wetlandicus distribution. This has both positive and negative connotations for
conservation and restoration of the species. It is not realistic or feasible to identify and
protect all potential habitat, since it is common throughout the GNB and likely the
whole basin. However, if reestablishing new populations or supplementing current
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populations is a conservation goal, the possible habitat for such practices appears to be
extensive, based on vegetative community composition.
However, it is clear that reclaimed well pads are very different in terms of
vegetation and soil surface categories from the habitat occupied by the cactus. We see
this lack of development of the natural vegetation but we do not yet know the
consequences of it. When considering reclaimed well pads as sites for S. wetlandicus out
planting and reestablishment, we must consider the fact that common species of the
basin are not present. Reclamation efforts will need to be increased and modified for
well pad sites to better resemble the common habitat of the GNB. Until that is achieved
it is not likely that discontinued well pad locations will be a favorable location for S.
wetlandicus establishment.
Once an adequate sample of seedlings is produced, out-planting experiments
will be helpful in determining the suitability of different sites for population
establishment. As for protecting potential habitat for the species, as is a goal of the
recovery outline (U.S. Fish and Wildlife Service, 1990) a larger survey of the species as
well as detailed soil characteristics will help further the management of this species.
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TABLES AND FIGURES

Table 2-1. Species codes and scientific name they represent. Species names determined
using A Utah Flora (Welsh et al., 1993) and Uinta Basin Flora (Goodrich and Neese,
1986). Names were matched with codes using the USDA Plants Database (USDA, 2015).
Species Code
ABFR2
ACHY
ALDE

Scientific Name
Abronia fragrans
Achnatherum hymenoides
Alyssum desertorum

Species Code
FEOC3
GIIN2
GUSA2

Scientific Name
Festuca octoflora
Gilia inconspicua
Gutierrezia sarothrae

ALTE

Allium textile

HAGL

Halogeton glomeratus

ARFEE

Arenaria fendleri var. eastwoodiae

HECO26

Hesperostipa comata

ARLI

Arabis lignifera

HOJU

Hordeum jubatum

ARNO4

Artemisia nova

LAOC3

Lappula occidentalis

ARTRW8

Artemisia tridentata wyomingensis

LEALA3

ASCH4

Astragalus chamaeleuce

LEMO2

Lepidium alyssoides var.
alyssoides
Lepidium montanum

ASCO12

Astragalus convallarius

LUPU

Lupinus pusillus

ASFL

Astragalus flavus

MAAF

Malcolmia africana

ATCA2

Atriplex canescens

MASO

Malacothrix sonchoides

ATCO

Atriplex confertifolia

PASM

Pascopyrum smithii

ATCO4

Atriplex corrugata

PHCR

Phacelia crenulata

ATGA

Atriplex gardneri

PHLO2

Phlox longifolia

BAAM4

Bassia americana

PIDE4

Picrothamnus desertorum

BRTE

Bromus tectorum

PLIN7

Platyschkuhria integrifolia

CANU3

Calochortus nuttallii

PLJA

Pleuraphis jamesii

CHDO

Chaenactis douglasii

PLPA2

Plantago patagonica

CHST

Chaenactis stevioides

POSE

Poa secunda

CRFL5

Cryptantha flava

SAVE4

Sarcobatus vermiculatus

CRGR6

Chrysothamnus greenii

SCLI

Schoenocrambe linifolia

CRRO6

Cryptantha rollinsii

SCWE

Sclerocactus wetlandicus

CYBU

Cymopterus bulbosus

SPCO

Sphaeralcea coccinea

DEPI

Descurainia pinnata

SPPA2

Sphaeralcea parvifolia

DESO2
ELEL5

Descurainia sophia
Elymus elymoides

THEL
TOIN

Thelypodiopsis elegans
Townsendia incana

EPNE

Ephedra nevadensis

TRDU

Tragopogon dubius

ERBA5

Eriogonum batemanii

WYSC

Wyethia scabra

ERPU2

Erigeron pumilus

XYVE

Xylorhiza venusta

ERPU9

Erigeron pulcherrimus

ZUBR

Zuckia brandegeei
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Table 2-2. A list of soil surface categories and environmental variables. The codes are
displayed in the ordination figures. Further details about these variables are found in
Appendix A.
Code
Northness
Eastness
AD
AM
SOIL
CB
BO
BR
CH
EL
F
FG
GR
LC
M
ST

Variable
Aspect
Aspect
Ant Disk
Ant Mound
Bare Soil
Cobbles
Boulders
Bed Rock
Channers
Embedded Litter
Flagstones
Fine Gravel
Gravel
Lichen Crust
Moss
Stones
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Table 2-3. Results of permutational multivariate analysis of variances (using adonis)
comparing all four habitat types: occupied present, occupied absent, unoccupied, and
well pads. The null hypothesis is rejected: the plant community for at least one habitat
type differs from at least one other.
Df
SumofSqs MeanSqs
F.Model
R2
Pr(>F)
HabType
3
2.8769
0.95898
5.8322
0.23
0.004975
Residuals
59
9.7013
0.16443
0.77
Total
62
12.5783
1.00

Table 2-4. Results of permutational multivariate analysis of variances (using adonis)
comparing habitat types occupied present, occupied absent and unoccupied, not
including well pads. The null hypothesis is not rejected; there is no significant evidence
of plant community differences among the three habitat types.
Df
SumofSqs MeanSqs F.Model
R2
Pr(>F)
HabType
2
0.2254
0.11270
0.75199
0.03538
0.801
Residuals
41
6.1447
0.14987
0.96462
Total
43
6.3701
1.00000
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Fig. 2-1. Visible image showing the Greater Natural Buttes study area outlined in black.
Five undisturbed sampling locations are indicated by yellow circles. Blue polygons
represent occupied habitat types and red polygons represent unoccupied habitat types.
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Fig. 2-2. The red polygon represents an unoccupied habitat and the blue polygon
represents an occupied habitat. The points represent a sample of randomly selected
sampling points, at least 15 m from each other. Red points are unoccupied sampling
locations, green are occupied present (centered on a randomly selected S. wetlandicus
individual) and blue are occupied absent sampling locations.
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Fig. 2-3. Disturbed reclaimed well pad sampling locations are shown in yellow.
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Fig. 2-4. Example of an occupied present sampling location with a high amount of rock
fragments, moderate slope, many shrubs, grasses, and forbs. Orange flags mark S.
wetlandicus individuals.
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Fig. 2-5. Example of an occupied absent sampling location with a high amount of rock
fragments, a steep slope, and grasses and shrubs.
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Fig. 2-6. Example of an unoccupied sampling location with a high amount of large rock
fragments, a steep slope and various forbs, shrubs, and grasses.
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Fig. 2-7. Example of a reclaimed well pad with no vegetation. Reclamation efforts
implemented over 20 years ago were not successful.
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Fig. 2-8. Example of a reclaimed well pad dominated by weedy species, specifically
Salsola kali and Halogeton glomeratus.
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Fig. 2-9. The ordination of all 63 sampling points with the vegetation data in all four
habitat types (occupied present, occupied absent, unoccupied, and well pad). The
further objects are from each other the more dissimilar they are. Refer to Table 2-1 for
species codes and scientific names.
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Fig. 2-10. The ordination of all 63 sampling points with the vegetation data in all four
habitat types (occupied present, occupied absent, unoccupied, and well pad).
Ordination factors assist with interpretation of the plot. Habitat types are represented
by capital letters centered in the weighted class centroid and connected to all points in
that class. The red ellipses represent one standard deviation.
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Fig. 2-11. The ordination of 62 sampling points with the vegetation data in all four
habitat types (occupied present, occupied absent, unoccupied, and well pad), with the
unoccupied outlier removed. Ordination factors assist with interpretation of the plot.
Habitat types are represented by capital letters centered in the weighted class centroid
and connected to all points in that class. The red ellipses represent one standard
deviation. Refer to Table 2-3 for the significance test showing the difference between
the habitat types.
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Fig. 2-12. The ordination of 44 sampling plots with vegetation data in the undisturbed
sites (occupied present, occupied absent, unoccupied) and how the different species
relate to each other in terms of relative cover. Refer to Table 2-1 for species codes and
scientific names. Species that are most similar to S. wetlandicus (SCWE) in terms of how
they interact with the community, are located closest to S. wetlandicus on the graph,
and those that are more dissimilar are located further away.
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Fig. 2-13. The ordination of 44 sampling plots with vegetation data in the undisturbed
sites (occupied present, occupied absent, unoccupied). Ordination factors assist with
interpretation of the plot. Habitat types are represented by capital letters centered in
the weighted class centroid and connected to all points in that class. The red ellipses
represent one standard deviation. Extensive overlap of centroids indicates no evidence
of differences between the habitat types. Refer to Table 2-4 for the significance test that
shows no difference between these undisturbed habitats.
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Fig. 2-14. The ordination of 62 sampling points in all habitat types (occupied present,
occupied absent, unoccupied, and well pad) with the addition of the environmental fit.
Environmental factors are overlaid onto the ordination vectors. The blue arrows point in
the direction of most rapid change in the environmental variable, and the length of the
arrow is proportional to the correlation between ordination and the environmental
variable. See Table 2-2 for soil surface code definitions.
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Fig. 2-15. The ordination of 44 sampling points in undisturbed sites (occupied present,
occupied absent, and unoccupied) with the addition of the environmental fit. The blue
arrows point in the direction of most rapid change in the environmental variable, and
the length of the arrow is proportional to the correlation between ordination and the
environmental variable. See Table 2-2 for soil surface code definitions.
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Fig. 2-16. A mature plant with multiple seedlings growing at the base. The seeds do not
disperse far and are provided with protection from predators and harsh sunlight by the
parent plant, and in this case, the rock fragments as well.
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CHAPTER 3

SEED GERMINATION AND SEEDLING PRODUCTION

Introduction
Sclerocactus wetlandicus is a federally listed threatened species endemic to the
Uinta Basin of Eastern Utah, USA. Its habitat is a site of oil and natural gas extraction and
therefore is highly disturbed. In order to reclaim disturbed areas, such as well pads, the
sites must be revegetated. Reestablishing cactus populations on reclaimed habitat is an
important step in reversing the damage done to the Uinta Basin. In order to perform
large-scale out-planting projects, germination and seedling production will be needed.
Cactus germination in general is variable, with some species easily grown from
seed and others not (Campbell, 2004; May, 1980; Rojas-Aréchiga and Vázquez-Yanes,
2000). There is little information published on the germination of Sclerocactus species,
including S. wetlandicus. Sclerocactus species are known to be particularly challenging to
keep alive when young (Chance, 2012). To date, most propagation techniques are found
in gardening books or shared by avid cactus growers.
Sclerocactus seeds are mostly round, about 1.5 mm diameter, and with a slightly
pointed end (Figure 3-1a). They have an embryo surrounded by endosperm and a thick
seed coat. Because of the thick coat, Sclerocactus can be hard to germinate, especially
in the wild (May, 1980). Scarification is important for the movement of moisture into
the seed to reach the embryo.
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Through conversations with cactus specialists and testing and modification of the
protocols that they provided, we were able to successfully germinate S. wetlandicus
from seed and grow seedlings in the greenhouse. In particular, based on insight from
experts we modified the protocol in “Germinating Sclerocactus Seeds” produced by
Ruud Tropper (known on YouTube as DRCEVNL), which was uploaded to YouTube in
2011 (Tropper, 2011).

Germination Materials
•

#4 drip coffee filters

•

Needle

•

Paper clips

•

Germination box

•

Paper towels

•

With lid and drainage holes

•

Bleach (5% sodium hypochlorite)

•

See #7 in protocol for details

•

2 glass beakers

•

Germination media (Sterilized)

•

Forceps

•

See #8 in protocol for options

Germination Protocol
1. Place seeds in a #4 drip coffee filter, starting with 5 seeds per trial. Once you are
comfortable with the protocol and have success you can increase the number of
seeds. The most we ever germinated at once was 40.
2. Seal the filter envelope by folding the corners inward and the top over, then
securing with a staple or paper clip.
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3. Sterilize the seeds by submerging the coffee filter envelope in a solution of equal
parts bleach (5% sodium hypochlorite) and water for 20 minutes (Figure 3-2).
4. Remove the envelope from the bleach solution, and place it in a beaker of water to
thoroughly rinse the seeds. Three changes of clean water should be adequate. Take
care not to rip the envelope and wash seeds down the drain.
5. After sterilization and rinsing, scarify the seeds by nicking the pointed tip of the seed
with a needle to chip off a small section of the seed coat (Figure 3-1b).
a. Place the seed on a damp paper towel to reduce slipping.
b. Hold the seed between your thumb and forefinger or a pair of forceps,
without squeezing too tightly in order to not smash the seed.
6. Using slight pressure press down with the end of the needle on the pointed tip of
the seed until a small piece breaks away. This will allow water to enter the seed coat
without damaging the embryo.
7. For germination, use square germination boxes (11 cm x 11cm x 3 cm) with tight
fitting lids and 3 mm holes drilled into the bottom for drainage (Figure 3-3).
8. Sterilize germination boxes in pure bleach and rinse well in water to decrease the
chances of damping-off.
9. Fill germination boxes half full (at least 1.5 cm deep) with sterilized media. Media
should be loose enough to allow roots to penetrate easily as well as be easy to
remove from roots during transplanting. It should also have good drainage but
retain enough moisture to keep the seeds and radicles from drying out.
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Recommended media includes silica sand with no fine particles (Figure 3-4a and 34b) or Pro-Mix ‘BX’/Profile (Figure 3-5). Filter sand, and Pro-Mix/Turface are also
suitable media (Kenton Seth, personal communication 2014; Rudd Tropper, personal
communication 2014). All media needs to be sterilized; autoclaving is most effective.
10. After scarification, nestle seeds into the upper surface of the wetted media to a
depth of about half a seed’s width but not completely buried.
11. Place germination boxes in a growth chamber kept at 26°C with a 12-hour light
cycle. It has been observed that many cactus species have greater germination
success with light stimulation and temperatures between 15-28°C (May, 1980;
Rojas-Aréchiga and Vázquez-Yanes, 2000).
12. Check seeds daily and apply water as needed to keep the media moist but not wet.
Seeds germinate in 3-10 days (Figure 3-4a). If after 10 days seeds have not
germinated, chip the tip again to make the hole in the seed coat larger. In our trials,
those that did not germinate after a second scarification were thrown out after two
weeks.
13. If fungi start to grow on the media or the seeds use Captan fungicide (1/4 tsp.
Captan to 250 ml H20). One or two applications should be enough, but use more if
the fungus persists.
14. Two weeks after germination (Figure 3-4c and Figure 3-5), transplant seedlings from
germination boxes to pots. We used 2 x 2 x 8 cm plastic pots.
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a. Remove all germination media from roots by submerging in water and gently
rubbing with fingers. Be gentle with seedlings while transplanting to avoid
breaking or damaging roots, which can be long and fragile (Figure 3-6).
b. Fill pots with a potting mixture composed of a ratio of 1:4:1 native soil, barkless cactus mix, and perlite. The native soil in the mix should facilitate the
colonization of the roots of the seedlings by AMF, as well as provide other
beneficial microorganisms.
c. Slowly submerge filled pots in water until the mix is wetted through.
d. Plant seedling in the middle of the pot taking care not to cover the whole
stem, just enough of the base that it stands up.
e. After planting the seedling, cover the top of the potting mixture with fine
gravel (3-5 mm diameter). Use a thin layer no more than 5 mm deep at first,
but once the cactus gets bigger you can add a deeper layer, up to 1 cm.
f. Keep potted seedlings in the growth chamber at 26°C with a 12-hour light
cycle.
g. The soil should be kept moist for the first year. Adequate water during this
first growing season encourages healthy roots that will help the plant
withstand harsh winters in the future (Chance, 2012). However, it is
important to avoid over-watering as the roots can easily rot (May, 1980).
h. After transplanting into pots, deep water once a day, depending on the
drainage of your pots and the humidity and airflow of your greenhouse, the
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actual amount of water used will vary. Determining how much to water can
be the most difficult part of growing seedlings. It is important that the cactus
tissue is turgid but that the soil surface dries out enough between watering
to prevent algal growth. Algae itself should not hurt the cacti but I found
when a layer of algae grew on the soil the conditions were too wet and the
cacti seemed to slow down their growth.
15. When seedlings reach one month in age, begin watering with nutrient solution,
applying small amounts twice a day instead of deep watering daily (continue to
follow 14 g above). Our greenhouse utilizes a stock solution of Peters® Excel watersoluble fertilizer (21-5-20 N-P-K) at a concentration of 100 ppm. Water using 3 parts
tap water to 1 part stock solution (25 ppm). At this point all watering is done with
the nutrient solution.
16. Every two weeks increase the solution concentration by 25 ppm (e.g. 2 parts tap
water to 2 parts stock solution, etc.) until the concentration reaches that of the
stock solution (100 ppm). This nutrient solution helps seedlings grow quickly out of
the critical seedling stage when death rates are high, and helps them continue to
grow quickly while in the greenhouse.
17. Reduce watering with nutrient solution to once a day when seedlings reach two
months in age. You can reduce watering earlier if algae start to grow on the surface
of the soil.
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18. Reduce watering to every other day when seedlings reach 1 cm in diameter. As they
get bigger it is healthy for them to dry out between watering. However, it is
important to pay attention to how the cacti look. If they become flaccid then
continue watering every day.
19. Wean the seedlings off of the nutrient solution after they reach 2 cm in diameter;
this helps them adjust to low levels of nutrients typical of native soil habitats.
Decrease the concentration of the nutrient solution by 25 ppm every two weeks
until you are watering with only tap water. Every two months after this, water them
with the 25 ppm concentration (1 part stock solution to 3 parts tap water).

Protocol Notes
1. Seed Collection and Characteristics: We developed this protocol using a total of
335 seeds.
a. Given the threatened status of this species and the inability to purchase
seed, we obtained a permit from the U.S. Fish and Wildlife Service
(F&WS) to collect seed from wild populations (up to 1200 seeds, and no
more than 10% of the total seed production of any individual). Seeds
were collected from various locations in the Greater Natural Buttes (GNB)
area on public land managed by the USDI Bureau of Land Management
(BLM). Once fruits dry, they open at the top (Figure 3-7) and crumble, and
seeds collect in the needles or drop around the base of the parent plant.
Aspirators were used to collect seeds from the open fruits and from the
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ground surrounding the plant (Figure 3-8). After 2.5 weeks of collecting in
late July and early August 2014, we had 232 seeds. Collected seeds were
kept dry at room temperature (16-26° C) in paper coin envelopes.
b. Two other sources of seeds were used to develop this protocol. Red
Butte Gardens (RBG) at the University of Utah in Salt Lake City, UT,
donated 50 S. wetlandicus seeds for germination trials in March 2014.
These seeds were collected in the wild, dehydrated to 15% relative
humidity and placed in cold storage in 2011. These seeds were
rehydrated and given to the project in March of 2014 (Rita Reisor,
personal communication 2014). The Utah Field Office of the F&WS also
provided 53 seeds that were collected in the spring of 2014. These seeds
were collected from salvaged plants that were hand-pollinated in
captivity, and the seeds were not put through any type of cold storage.
2. Seed viability
a. By following the protocol above with fresh seeds (less than one year old)
it is possible to have great success and produce seedlings that reach 1-cm
diameter by 7 months (see below; Figure 3-9).
b. The results of germination trials with the three different seed sources are
shown in Table 3-1.
i. Six germination trials were conducted with seeds from RBG from
March-October of 2014. Trials resulted in an average germination
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rate of 28% and a seedling mortality rate of 99%; only 1 seedling
survived. Most seeds that did manage to germinate resulted in
partial germination, meaning the cotyledons or even the radicle
never fully emerged from the seed coat before dying. The poor
success of the RBG seeds was likely due to the cold storage the
seeds were kept in before germination.
ii. Seeds collected from the wild in July and August of 2014 were
germinated in eleven trials from September 2014-March 2015 and
resulted in an average germination rate of 74% and only 26%
seedling mortality. The greatest success was achieved following
the above protocol with trials ranging from 75-100% germination.
128 seedlings were still living at the end of the study.
1. Trials that experienced lower percentages of germination
could have been due to poorly sterilized media and
containers, malfunctioning growth chambers, or simply
seeds that were less viable than those of other trials. I also
attribute the higher success rates at the end to my ability
to chip the seeds more effectively.
iii. Seeds provided by the Utah Field Office of the US Fish and Wildlife
Service were received in November 2014 and were germinated
until January 2015 in three trials; these trials resulted in an
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average of 30% germination and 37% seedling mortality. Ten
seedlings were still living at the end of the study. The poor
germination of these seeds could be a result of poor hand
pollination technique. Pollinators are very important for S.
wetlandicus seed production and autogamy (self fertilization)
results in very few seeds produced (Tepedino et al., 2010).
iv. At the end of the project, there were a total of 139 seedlings that
were between 3 and 10 months of age.
3. Germination and Transplanting
a. Keeping seedlings in germination boxes longer than three weeks greatly
reduced their growth rate and increased the presence of root rot.
Seedlings that were transplanted to pots later than 2-3 weeks were
smaller than those that were transplanted at two weeks.
b. Using materials that were not properly sterilized increased the risk of
pathogenic fungi and damping off. When this happened, I used the
fungicide Captan, which did not harm the seedlings or their roots while
reducing the amount of fungal pathogens.
c. I recommend use of germination boxes or pots that are at least two
inches deep with holes for drainage. Petri dishes, used in the first two
trials, were not adequate for germination as they are too shallow and
caused the seeds to rest in water and rot, or to dry out too fast.
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Conclusion
I was unable to collect as many seeds as we hoped. One reason could be that S.
wetlandicus flowers in late spring to early summer, April to May, and that fruits ripen in
about 1 to 1. 5 months after flowers close (Mathies et al., 2012; Tepedino et al., 2010).
We did not collect seeds until late July and early August. For future work, it would be
advisable to collect seeds earlier in the season.
Following the protocol above can result in close to 75% germination. Providing
adequate light and drainage will insure healthy growth and low levels of root rot. Using
fresh seeds that are less than one year old and have not been kept in cold storage will
result in the greatest germination rates. Although this species is slow growing, using
ideal conditions and supplemental nutrients, seedlings can reach the size of a quarter
(2.4 cm diameter) in less than one year of growth (Figures 3 through 9d).
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TABLES AND FIGURES

Table 3-1. Germination rates of the seeds from the three different sources. Percent
germination was calculated by taking the total number of seeds to germinate
Seed Origin # of seeds % germination # seedlings produced
RBG
43
28
1
F&WS

53

30

10

GNB

232

74

128

Total

328

62

139
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Fig. 3-1. a. Sclerocactus wetlandicus seeds. b. Red arrows indicate the area of the seed
coat that can be chipped away without damaging the embryo inside while allowing
water to enter. Scale bars in both a. and b. represent 1 mm.

Fig. 3-2. Seeds in coffee filter pouch sterilized in 50% bleach solution.
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Fig. 3-3. Clear germination boxes with 3 mm holes drilled in the bottom were used for
germination trials. Boxes are 3 cm deep and 11 cm wide with tight fitting lids.
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Fig. 3-4. Photos illustrating the different stages of early growth after germination: a. 3
days, b. 9 days, c. 2 weeks, and d. 6 weeks. Medium shown in a. and b. is silica sand.
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Fig. 3-5. Two-week-old seedlings germinated in Pro-Mix 'BM'/Profile. Seedlings were
transplanted to pots after this photo was taken. The red coloration is an indication of
adequate light and is normal.
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Fig. 3-6. Two weeks after germination roots can be as long as 6 cm like pictured above.
Scale bar represents 1 cm.
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Fig. 3-7. Two full, mature, open fruits on an individual of S. wetlandicus. This individual
had a large quantity of seeds; most plants we observed had many fewer.
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Fig. 3-8. Aspirator used to collect seeds from cacti.
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Fig. 3-9. More pictures illustrating the growth of a seedling: a. 5 months (6 mm
diameter), b. 6 months (7.5 mm diameter), c. 7 months (1 cm diameter), d. 9 months
(1.8 cm diameter).
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CHAPTER 4

MYCORRHIZAL ANALYSIS

Introduction
The Uinta Basin of Eastern Utah is experiencing high levels of habitat
fragmentation and disturbance from non-renewable energy production. The vegetation
in these areas is trampled, covered in dust, removed, and disturbed in many other ways.
Topsoil is removed and the land is cut, leveled and compacted for roads and drilling
sites. Soil horizons are mixed in the process and the soil’s bulk density, structure, salinity
and nutrient levels are affected (Frost et al., 2001; Mason et al., 2001). In the wake of
such disturbances, government agencies and private consulting firms are attempting to
restore and rehabilitate these disturbed sites and reestablish native plant communities.
One plant species of particular interest is the federally listed threatened species,
Sclerocactus wetlandicus. This cactus is endemic to the Uinta Basin where oil and gas
development boundaries envelope over 75% of its total potential habitat (Utah Division
of Oil, Gas, and Mining, 2014). Multiple agencies are working to conserve and restore S.
wetlandicus populations in this heavily disturbed landscape.
Researchers have found that the health of the soil and the microorganisms that
live therein, specifically arbuscular mycorrhizal fungi (AMF), are important for successful
plant reestablishment on disturbed sites (Caravaca et al., 2003; Klironomos, 2000;
Requena et al., 2001). AMF are specialized fungi that form symbiotic relationships with
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the roots of over 80% of vascular plants on earth (Brundrett, 2009; Smith and Read,
2008). AMF are obligate symbiotic fungi that cannot finish their life cycles without a
host plant (Smith and Read, 2008). Their hyphae colonize the roots of host plants and
form arbuscules (tree-like structures) between the membrane layers of the cell, where
the bi-directional transfer of nutrients and photosynthate occurs (Smith and Read,
2008). In arid environments the mobility of nutrients in the soil is limited because of the
lack of water. Being much smaller than root hairs, AMF hyphae have a higher surface
area and are able to reach past the nutrient depletion zones surrounding the roots to
access nutrients and water more effectively than roots alone (Smith and Read, 2008).
Mycorrhizae have been identified as root symbionts with many species of desert
and shrubland plants, including many cacti (Carillo-Garcia et al., 1999; Frost et al., 2001;
Pimienta-Barrios et al., 2002; Staffedlt and Vogt, 1974; Stahl et al., 1988). In fact, 70% of
plants studied in the Chihuahuan Desert were colonized by AMF (Staffedlt and Vogt,
1974). Species in the Sonoran desert are known to grow on disturbed, undisturbed, as
well as bare soils when colonized by AMF (Carillo-Garcia et al., 1999). One example of
AMF colonization having a positive effect on cacti can be found in central Mexico where
Opuntia robusta cacti are able to survive prolonged drought due to their association
with AMF (Pimienta-Barrios et al., 2002). Observations such as these are indicators of
how AMF could assist in the restoration of cactus species growing in landscapes
disturbed by energy production.
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Populations of AMF dwindle when soils are disturbed. The amount of AMF
propagules found in compacted soils and stockpiles is significantly lower than in
undisturbed soils (Miller et al., 1985; Stahl et al., 2002). On mine land in Wyoming, Frost
and colleagues (2001) found that it took around ten years for healthy populations of
AMF to reestablish (Frost et al., 2001). Their results indicated that initial inoculation of
AMF during reclamation was unsuccessful because the native AMF and their host plants
could not survive in the altered soil environment (Frost et al., 2001). This is important
information to know as similar disturbance and reclamation techniques are being
implemented in the Uinta Basin.
Inoculation of the soil may be most effective after primary successional species
have already established and begun to restore the soil to a more natural state. This
could increase the success of inoculation and establishment of secondary successional
species, including S. wetlandicus (Allen and Allen, 1984). Planting species that are easily
colonized by AMF is important for revegetation practices (Allen and Allen, 1980).
Although the majority of AMF are not necessarily host specific, some fungi-plant
relationships increase plant productivity better than others (Klironomos, 2000). Plants
tend to associate with AMF species that meet their specific needs for increased
resilience and productivity (Requena et al., 2001). This fact illustrates the importance of
knowing what species of AMF associate with S. wetlandicus so that compatible species
may be used for inoculation. In some cases specific symbiotic relationships are required
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for the mutual symbionts survival and the loss of these AMF may limit the distribution of
the host plant and possibly the function of the plant community (Renker et al., 2004).
Little is known about the ecology of S. wetlandicus or the organisms with which
it associates. The ability for the species to reestablish in disturbed, reclaimed, or
fragmented habitats is also unknown. In order to increase the chance for S. wetlandicus
establishment and growth on reclaimed land, our project will characterize one aspect of
the below ground habitat, the presence and identity of fungal symbionts colonizing its
roots.
As mentioned above, AMF are associated with almost all plants on earth,
indicating an old relationship (Redecker et al., 2000). Although, they were first described
in the 1800’s (Stürmer, 2012), it wasn’t until the late 1900’s and the implementation of
molecular techniques that classification of environmental AMF was accomplished.
Before the 1970’s all classification was based on morphology and spore identification
(Stürmer, 2012). In 1990, molecular techniques began to suggest that new orders,
families and genera should be considered (Morton and Benny, 1990). Around this time,
many new species were described and the family Glomeraceae was proposed
(Pirozynski and Dlapé, 1980). A revised classification system based on the relationships
of genetic characteristics especially the genes encoding the ribosomal RNA operon was
proposed, supplementing spore morphology (Stürmer, 2012). There has been a lot of
controversy over the taxonomy of this group and the details of AMF taxonomy continue
to be contentious. However, it is widely accepted that AMF are distinct from
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Zygomycota and belong in their own phylum, the Glomeromycota (SchüBler and Kluge,
2001). There continue to be proposals for new families and genera with the goal of
creating monophyletic groups including a growing number of new species from soil
environments.
AMF do not form external structures surrounding infected roots (unlike
ectomycorrhizae), so it can be difficult to identify the presence of root colonization.
Root staining and spore analysis have been useful tools in identifying AMF colonization,
but there are some drawbacks to relying solely on these methods (Redecker et al.,
2003). Spores may not be present at all times of the year and are not produced by every
species of AMF every year (Redecker et al., 2000). If spores are found in the soil that
does not necessarily mean that species has colonized nearby roots (Merryweather and
Fitter, 1998). Unfortunately, root staining is not always definitive, as not all species of
mycorrhizae stain (Redecker et al., 2003).
To overcome such drawbacks and biases, ribosomal RNA gene sequencing is
used for molecular identification and classification (Redecker et al., 2003). The fungal
ribosomal operon made up of the genes encoding the small subunit 18S rRNA, and the
large subunit 5.8S rRNA and 28S rRNA gene fragments, along with two internal
transcribed spacer regions (ITS1 and ITS2). Various parts of the operon have been used
to identify AMF to a genus and species level (Hibbett et al., 2011) (Figure 4-1).
Furthermore, DNA isolated from the environment and plant roots may be examined
using specific primers to amplify regions of the fungal rRNA operon for analysis by
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sequencing, thus avoiding the need for spore isolation (Redecker et al. 2003). With the
development of the UNITE database for storage and analysis of fungal rRNA sequences
including the ITS regions, the ability to analyze environmental samples has been
facilitated (Abarenkov et al., 2010; Koljalg et al., 2013). The objective of this study is to
determine if S. wetlandicus associates with AMF and to perform an initial survey of any
root-inhabiting fungal symbionts. Further, we hope to identify the genus and possibly
species of those AMF inhabiting root samples collected from our study sites.
Methods
Please refer to chapter 2 for a detailed explanation of the site and sampling
locations.
Sampling strategy
Sampling took place in five sites occupied by S. wetlandicus (occupied present
sampling points) on a total of fifteen randomly selected cacti. Due to the threatened
status of this species, permission from the Fish and Wildlife Service (F&WS) to sample
root tissue was required. Our collection permit (TE07858A-2) issued by the F&WS
allowed us to harvest up to three centimeters of root from each of the fifteen
individuals for this project. Sampling was performed in a way that minimized
disturbance to the plant and the surrounding soil. Roots were collected carefully using
sterilized brushes, spatulas, forceps and scalpels. Due to difficulty in finding roots
without digging the whole plant up, only samples from 8 of the 15 individuals were
obtained (Table 4-1). Samples were placed in sterile bags in a cooler with dry ice and
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transferred to the -20˚C freezer once we return from the field. A small amount of
rhizosphere soil, at least 0.25 g, was collected near the roots to accompany the root if
not enough tissue was collected for DNA extraction.
Root staining, DNA extraction
Staining of root samples was our initial indication of mycorrhizal colonization.
Samples were stained with 0.1% trypan blue in lactophenol (1:1:1 lactic Acid, liquid
Phenol, H2O) (Phillips and Hayman. 1970). Roots were first washed in sterile deionized
water then soaked in 5% KOH for twenty minutes. After being rinsed the samples were
placed in the lactophenol blue stain for seven minutes and then rinsed in hot (80˚C) 50%
glycerol. Stained samples were observed under a compound microscope. DNA was
extracted from individual root fragments (25-50 mg wet weight) with the PowerPlant®
Pro DNA Isolation Kit from MO BIO Laboratories, Carlsbad, CA.
Polymerase Chain Reaction
DNA was amplified following a nested approach using general fungal primers
NS5 and ITS4 (Helgason et al., 1998; Redecker, 2000; White et al., 1990) as well as
Glomerales-specific primers developed by Redecker (2000), GLOM1310, ARCH1311,
ACAU1660 and LETC1670 (see Figure 4-1 for primer attachment sites in relation to the
rRNA operon). Primer sequences can be found in Table 4-2. The master mix was
composed of 1X reaction buffer with MgCl2 , 0.2mg/ml BSA (non-acetylated), 0.2mM
dNTP, 0.5µM of each primer, 0.04U of Taq polymerase (FastStart Taq Polymerase from
Roche), 1µl of template DNA and sterile PCR grade water to make a final reaction
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volume of 25 μl. The first amplification used forward primer NS5 and reverse primer
ITS4 with PCR conditions of 3 min at 94˚C (denaturing), followed by 30 cycles of 1 min at
94˚C (denaturing), 1 min 54 ˚C (annealing) and 1 min 72 ˚C (extension), then 10 min 72
˚C (final extension). The PCR product was then diluted 1:10 with sterile water and 1 μl
used as the template for the second PCR reaction. The second amplification used the
same 25 μl reaction, only it contained three forward primers: ARCH1311, ACAU1660 and
LETC1670 and the reverse primer ITS4. A separate reaction was made using forward
primer GLOM1310 and reverse primer ITS4. This second amplification had a change in
the annealing temperature to 60 ˚C, but otherwise similar reaction conditions. All
reactions were run on an Eppendorf Mastercycler. The PCR products (5 μl product and
1 μl loading dye) were analyzed by electrophoresis on a 1% agarose gel stained with
ethidium bromide. PCR amplicons were assessed for their match to the predicted length
and then chosen for cloning, if multiple bands were present the band matching the
predicted length was collected and purified before cloning.
Cloning and Sequencing
Cloning was performed using the TOPO® TA Cloning Kit, with electro-competent
E. coli (strain TOP10) cells, from Life Technologies. Ligation of the PCR product into the
PCR 4.0 vector was accomplished with a 30 min. incubation at room temperature.
Transformation was accomplished using the electrocompetent cells in a MicroPulser
Electroporator (Bio-Rad Laboratories) following the manufacturer’s instructions.
Transformants were grown on LB agar plates with kanamycin and several colonies were
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selected for each fragment cloned. Plasmid DNA was purified using MO BIO Laboratory’s
UltraClean® 6 Minute Mini Plasmid Prep Kit. Plasmids were sequenced in both directions
using vector-specific primers M13 F and M13 R, by the Center for BioSystems at Utah
State University.
Sequence analysis
Sequence analysis was completed using DNASTAR® Lasergene Genomics Suite
software. Sequence ends were trimmed to remove the vector sequences so that only
the area amplified by the primer pairs was analyzed. Forward and reverse strands were
assembled to create a consensus sequence. Using the web-based sequence
management system in UNITE (http://unite.ut.ee; Abarenkov et al., 2010) consensus
sequences were matched with sequences in the database. Sequences were linked to a
species hypothesis group and if possible to a cultured known organism. Appendix B
shows the UNITE top match for each sequence. The sequences from the root fragments
were aligned with type species sequences using the Clustal W Method in MegAlign
program (DNASTAR® Lasergene Genomics Suite software) and trimmed to a consistent
length. Initially the phylogenetic tree contained 29 sequences. After alignment,
sequences that were > 97% identical in the aligned matrix were considered to be the
same operational taxonomic unit (OTU) and only one representative sequence is shown
in the tree.
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Results and Discussion
As noted, we were not able to obtain a root sample from all 15 plants in the
study. Table 4-1 shows information related to each plant and the roots that were
collected. Root staining was successful and AMF structures, such as arbuscules (Figure 42 and Figure 4-3) and vesicles (Figure 4-4) were identified in seven of the eight roots
sampled. The root sample from the plant C3OP06 was not large enough for both DNA
extraction and staining so was only processed for DNA extraction.
DNA extraction from root samples was successful and subsequently seven of the
eight samples resulted in amplified putative AMF DNA. All sequences recovered were
within the order Glomerales (Appendix B) with sequences in both Glomeraceae and
Claroideoglomeraceae families. Figure 4-5 is a phylogenetic tree representing the
relationships between the different sequences we identified. The AMF identified in
Glomeraceae were all closely related to one another. No AMF were identified using the
forward primer ARCH1311; non-specific amplification resulted in sequences related to
pathogenic fungi and bacteria that were eliminated. The forward primer ACAU1660
produced bands that were shorter than expected and after sequencing we found that
the primer was not actually present in the sequences, so these were not included in the
phylogenetic tree, but partial sequences can be seen in in Appendix B. The most
successful primer was GLOM1310, which amplified Glomus and Rhizophagus species.
One sample, C2OP01, had a closest match to a Claroideoglomus species. A study
conducted by Carter et al. (2013) in semiarid shrublands of Idaho also found
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Claroideoglomus, Rhizophagus and Glomus to be the most common genera in those
soils. Sagebrush habitats in Wyoming were found to contain Glomus species, in both
undisturbed and disturbed soils (Frost et al., 2000; Stahl and Christensen, 1982). When
comparing the samples from the Uinta Basin to these other findings from similar
habitats we observed similar strains suggesting that these Sclerocactus roots did not
have unique types of AMF, at least at the genus and family levels.
The species Rhizophagus irregularis (formerly Glomus intraradices and
Rhizophagus intraradices) was positively identified from multiple samples to the species
level. This finding is important for a number of reasons. R. irregularis is a common and
well studied species of AMF (Tisserant et al., 2013). It has its whole genome sequenced
and is found in most ecosystems (Tisserant et al., 2013). In addition, its spores are sold
commercially which is useful for restoration purposes (Tisserant et al., 2013). R.
irregularis was also found to survive, as well as protect its host plant in the presence of
toxic petroleum products in the soil (Driai et al., 2015). This trait could prove useful for
cactus establishment on reclaimed well pads that may have petrochemical residues.
Summary
By identifying the presence of AMF colonization with S. wetlandicus root
fragments we now know that the health of the mycorrhizal communities in S.
wetlandicus habitat is important and should be considered when developing restoration
and conservation plans. Further molecular analysis and more detailed classification,
focusing on species in the families Glomeraceae and Claroideoglomeraceae will be
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needed to identify more species for seedling and soil inoculation methods. AMF
inoculation using Rhizophagus irregularis and undisturbed soil will be a meaningful
restoration technique to help the establishment and continued growth of this
threatened species in disturbed ecosystems.
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TABLES AND FIGURES

Table 4-1. Primers and annealing temperatures used in this study (Helgason et al., 1998;
Redecker, 2000; White et al., 1990).
Primer
Annealing Tm Sequence
Forward NS5
54
AACTTAAAGGAATTGACGGAAG
GLOM1310 54
AGCTAGGCYTAACATTGTTA
ARCH1311 60
TGCTAAATAGCTAGGCTG
LETC1670
60
GATCGGCGATCGGTGAGT
ACAU1660 60
TGAGACTCTCGGATCGG
Reverse ITS4
54, 60
TCCTCCGCTTATTGATATGC

Table 4-2. Roots sampled and used for this study.
Plant
Plant
Diameter Height Sample Sample
Plant ID
(cm)
(cm)
Y/N
Length
EOP01
6
3
Y
3
EOP03
3.5
3.2
N
EOP06
7
3.5
N
C1OP01
4
6.1
N
C1OP02
6.5
7
N
C1OP03
3.4
2.3
Y
0.4
C2OP01
5.5
5
Y
3
C2OP02
5.5
7
Y
3
C2OP03
2.5
3
N
C3OP01
5
6
N
C3OP03
4
6.5
Y
3
C3OP06
6
5.5
Y
1.5
WOP01
4
3.5
Y
3
WOP02
5
3.5
Y
1.5
WOP03
4.5
7
Y
3

Stain
Y/N
Y
N
Y
Y
Y
N
Y
Y
Y

AMF
Extraction Amplification
Y/N
Y/N
Y
Y
N
N
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
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Fig. 4-1. Ribosomal RNA genes and internal transcribed spacer regions with primer
annealing sites. The figure is not to scale.
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Fig. 4-2. AMF stained with 0.1% trypan blue in lactophenol are seen in many of the
cortical cells of this S. wetlandicus root.
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Fig. 4-3. AMF stained with 0.1% trypan blue in lactophenol, fine arbuscules can be seen
in these cortical cells of the cactus root.
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Fig. 4-4. Vesicles are indicated by the red circles and appear as blue spheres. They were
stained with 0.1 % trypan blue in lactophenol.
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Fig. 4-5. Phylogenetic tree of representative ITS sequences detected in this study. The
first letter and number is an abbreviation of the plant the root was sampled from, then
the primer abbreviation and clone number follow. ClustalW tree was bootstrapped 100
times and the percentage of trees showing the consensus tree is shown at branch points
when 50% or higher. Uncultured Glomus sequences were top-matching sequences
retrieved from UNITE database.

101
CHAPTER 5

CONCLUSIONS

Land disturbances caused by non-renewable energy production in eastern Utah’s
Uinta Basin threaten the species Sclerocactus wetlandicus. In order to gain insights for
the recovery of this species, I had three main objectives. To better understand the
ecology of S. wetlandicus and what habitats should be the focus for conservation and
restoration, I characterized the habitat where the cactus is and is not found in the study
area and compared that with the habitat on reclaimed well pad sites. To grow seedlings
for future out-planting for assistance in the survival and recovery of the species, I
developed a successful germination protocol for the greenhouse. In order to increase
the chance for seedling establishment and growth on reclaimed land, I analyzed one
aspect of the below ground habitat, the presence and identity of fungal symbionts
colonizing the roots of S. wetlandicus.
One aspect of the habitat characterization was unique. We determined that S.
wetlandicus is part of the common vegetative community found in the Greater Natural
Buttes area of the Uinta Basin. Using the line-point intercept method we quantified
cover of the species in the different habitat types (occupied present, occupied absent,
unoccupied, and well pads). There was more variation in the amount of vegetation
found on well pads, with some having zero plant life and others overwhelmed by weeds.
Based on species composition and relative cover of the species well pads were
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significantly different from the other habitat types. By associating most closely with
common species, S. wetlandicus is unique from other rare species in the area, which
tend to be found in unique habitats or associated with specific plant species. No
significant differences exist in the vegetation between the occupied present, occupied
absent and unoccupied sites, indicating that the potential habitat for the species is vast.
Conservation efforts should focus on protecting existing habitat occupied by the
cactus, and additional areas of similar unoccupied habitat, for population growth and
transplanting of specimens. We do not recommend well pad site locations as suitable
habitat for the cactus, because the vegetation significantly differs from the undisturbed
sites. This is a common finding in landscapes disturbed by energy production. In these
settings well pads are dominated by non-native weedy species. This increase of noxious
and invasive weeds is concerning as these weeds have the ability to move off of well
pads and into the undisturbed habitats where they can alter the composition of the
plant community and outcompete native species. The recovery outline created by the
U.S. Fish and Wildlife service wanted to establish revegetation techniques for the
disturbed land. This is still an important goal in that the reclaimed sites are still in need
of native vegetation. More successful restoration of disturbed sites should be a main
objective for land managers. The conservation and mitigation of disturbance in the first
place would be the best solution since restoration is so challenging and requires
decades to centuries for adequate recovery. Therefore, we want to conserve
undisturbed habitat for current and future populations to thrive.

103
By growing specimens in the greenhouse we can out-plant to help mitigate the
damage caused by these large-scale disturbances. I successfully germinated S.
wetlandicus in the greenhouse and created a protocol that can be followed for future
seedling production. I found it to be difficult to germinate and to keep seedlings alive
and found that the seeds that were collected from the wild and not placed in any sort of
cold storage had the greatest germination and survival success. I eventually achieved an
average germination rate of 75%. The right amount of light and adequate drainage
were the most important factors for healthy growth. Although this species is slow
growing, using ideal conditions and supplemental nutrients, seedlings can reach the size
of a quarter (2.4 cm diameter) in less than one year of growth. Because germination
requires very specific conditions and is difficult in the wild, it is imperative that wild seed
banks are kept intact, corridors for dispersal are maintained, and healthy vegetation are
conserved or reestablished. These measures not only increase habitat for pollinators,
but will also increase successful germination and dispersal.
We want S. wetlandicus to be resilient and tolerant to disturbances and for
seedlings to have the greatest chance for successful establishment. Both staining and
molecular techniques demonstrated that S. wetlandicus does form an association with
arbuscular mycorrhizal fungi. Fungal species identified from root samples belonged to
three different genera: Claroideoglomus, Glomus, and Rhizophagus. I was able to
identify one organism to the species level through DNA sequencing, Rhizophagus
irregularis, which is a common species of AMF. The generalist nature of R. irregularis is
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promising for restoration techniques, as it has been shown to thrive in various plant
communities under varying conditions. This species is commercially available in large
quantities ensuring availability for the inoculation of seedlings as well as the soil on
reclaimed sites. Inoculating cactus seedlings before out-planting may help with the
establishment success of individuals. It would be interesting to characterize the
mycorrhizal community on reclaimed well pads and compare it with the undisturbed
habitats. We could then determine if there are lower levels and different species of
mycorrhizae on well pads than there are in undisturbed soils, as found in other parts of
the country. One could also characterize the mycorrhizal community of the soil in the
four habitat types to see what other species are present and if the same ones identified
in the roots are found in the other habitats. It would be helpful to have larger root
samples, which would allow us to try a wider range of molecular techniques to
potentially identify more species of arbuscular mycorrhizal fungi.
I am hopeful that the recovery of this species is attainable with a few steps put
into place. Better restoration and revegetation of reclaimed well pads, conservation of
undisturbed habitat and the possibility of transplanting individuals to struggling or
destroyed communities.
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Appendix A. LINE-POINT INTERCEPT METHOD

Protocol to be Followed
Data on ground cover (litter, lichens and mosses, rocks, bare ground) and foliar
cover of vascular plants (by species and functional group, live or standing dead) will be
collected along five 8-m transects using the line-point intercept method (Herrick et al.
2005). A pin flag will be dropped every 0.25 m along each transect starting at 0.25 m
and ending at 7.75 m for 30 points per transect or 150 points per plot.
Plot Layout
1) Transects will be separated by 2 m and will be oriented parallel to the hillslope
contour.
2) The central transect will be centered on the soil pit (15 m each side) but offset 2
m upslope of the soil pit leaving 3 m downslope of the pit to use for the tarp and
soil descriptions as well as a 2 m buffer before the next transect.
3) If there is no perceptible slope orient the transects on an E-W axis and offset the
central transect to the north
4) Transects will be numbered starting with the most downslope transect. If there
is no perceptible slope, transect 1 will be the southernmost transect.
5) If the plot will cross a clearly changing vegetation boundary (e.g. 4 transects in
grassland but transect 5 in sagebrush) shift the plot, including the soil sampling
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point, the minimum distance needed to fit the entire plot into vegetation that is
visually similar to what is found at the original soils sampling point.
6) If there is not room to fit a plot into relatively homogeneous vegetation, drop
the sampling point and move to the next for that category.

Fig. A-1. Line-point intercept diagram of 8x8 m plots. Plots were centered 0.5 m from a
randomly selected S.

Line-point intercept
1. Begin at the “0” end of the transect.
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2. Working from left to right, move to the first point on the line (0.5 m). Always
stand on the same side of the line (downslope side of line for sites with slope,
south side without slopes).
3. Drop a pin flag to the ground from a standard height of 5 cm above herbaceous
canopy next to the tape on the side on which you are not standing.
Rules
3.1 The pin should be held vertical before dropping.
3.2 The pin should be dropped from the same height (~ 5cm) above the
vegetation each time. A low drop height minimizes “bounces” off of
vegetation but increases the possibility for bias.
3.3 Do not guide the pin all the way to the ground. It is more important for
the pin to fall freely to the ground than to fall precisely on the mark.
3.3 If vegetation over the point is greater than arms-length, then the pin
should never be dropped from higher than the height of the outstretched arm.
4. If vegetation is above the height of the out-stretched arm, record the species as
a “tree” or “shrub” foliar or canopy hit, appropriately. This will involve projecting
upwards and attempting to clearly determine whether vegetation would be
contacted if the pin were extended straight above.
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Rules
4.1 If the pin hits a point where there is a shrub or tree canopy overhead
without actually contacting the plant record the species code under
the “shrub canopy” or “tree canopy” column. Record whether the
branches of the tree above are dead or alive (Y=Dead, N= Alive). If
the entire plant is dead put /D after the code.
4.2 If a projection above the point would contact vegetation record it as
a foliar hit.
4.3 For a tree, if there is a hole of 50 cm or greater (i.e a very clear
obvious gap in vegetation that extends all the way down to the pin)
in the canopy with no vegetation, then no canopy hit will be
recorded.
4.4 For a shrub, if there is a gap of > 5 cm, then no canopy hit will be
recorded.
4.5 If the shrub or tree is unidentifiable record DS or DT in species code
5. Once the pin flag is flush with the ground, record every plant species it
intercepts.
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Rules
5.1 If the pin does not contact a shrub or tree, but the line at that point is
surrounded (within the perimeter of the canopy) by shrub/tree
vegetation from the same shrub/tree species with a gap in the vegetation
< 5 cm (shrub) or 50 cm then record a canopy cover hit.
5.11 If the pin contacts the shrub/tree species anywhere on that point do
not record a “Shrub Canopy” hit (you will not have the same species
recorded in the “Shrub Canopy” and the “Foliar Layer.”)
5.12 Record the species code and whether the nearest branches in the
canopy hit are live or dead using codes Y or N.
If the entire shrub is dead (has no leaves) identify to species if you can
and note it is dead (e.g. ARTRW8/D). If it cannot be identified to
species record it as dead shrub (DS) or dead tree (DT).
5.13 If there is a foliar hit of another species over a canopy hit, still record
the canopy hit in the “Shrub Canopy” column.
5.2 Record the species of the first stem, leaf or plant base intercepted in the
first “Foliar Layer” column using the PLANTS database species code
(http://plants.usda.gov/).
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5.21 If the pin intercepts standing dead material record the standing
dead by growth form as follows:
DDT

Dead tree

DDS

Dead shrub

DDF

Dead forb

DDG

Dead grass

Record the species if you can.
5.22 If the point hits a dead branch of a shrub and the shrub is still alive
record the species code and DP for the foliar hit (e.g. ARTRW8/DP). To
clarify, for all shrubs, trees, and the large-padded Opuntia, but only
for these, distinguish completely dead (D) and dead part of a live
shrub (DP). We put the Opuntia in this category because in places
large spreading clones are a patchwork of live and dead parts. If no
suffix is added it is a foliar hit on live tissue. For herbaceous species
when a foliar hit is on attached dead material (e.g last year’s growth
of a perennial grass) consider it a live hit as long as any portion of the
contacted plant is alive.
5.3 Record all additional species intercepted by the pin in the subsequent
“Foliar Layer” columns.
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5.4 Record each canopy or foliar species (including DDT, DDS, DDF, DDG) only
once in the foliar or canopy columns, even if it is intercepted several
times.
5.5 If you can identify the genus, but not the species either use the PLANTS
database genus code (http://plants.usda.gov) or record a number for
each new species of that genus. ALWAYS define the functional group for
the unknown genus at the bottom of the data form.
5.6 Record herbaceous litter as “L,” if present. Litter is defined as detached
dead stems and leaves that are part of a layer that comes in contact with
the ground. Record “W” for detached woody litter that is greater than 5
mm (or ~1/4 in) in diameter and in direct contact with soil. Litter and
Woody Litter are the lowest foliar layer recorded.
6. Record whether the pin intercepts a plant base or one of the following in the
“Soil surface” column.
R = Rock
R/FG = fine gravel (>2-5mm diameter)
R/GR = gravel (>5-76mm diameter)
R/CB = cobbles (>76-250mm diameter)
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R/CH = channers (>2-150mm diameter)
R/F = flagstones (>150-380mm long)
R/ST = stones (>250-600mm diameter or >380-600mm long)
R/BO = boulders (>600mm diameter or >600mm long)
BR = Bedrock
EL = Embedded litter
D = Duff
M = Moss
LC = Lichen crust on soil (lichen on rock is recorded as “R”)
SOIL = Soil that is visibly unprotected by any of the above
If an ant mound or disc is present, record soil surface code followed by /AM or
/AD (i.e. S/ AM)
AD = Ant Disk
AM = Ant Mound
Rules

114
6.1 If pin intercepts a live plant base record the plant code for soil surface.
This is the only time one species may be recorded twice for one point
(ARTR in ‘canopy’ or in ‘foliar’ layer and in ‘soil surface’.
6.2 If the pin hits the base of a dead plant enter “DS, DT, DF, DG”
appropriately for the soil surface code.
6.3 Record embedded litter as “EL” where removal of the litter would leave
an indentation in the soil surface or would disturb the soil surface.
Record duff as “D” where there is no clear boundary between litter and
soil and litter is not removed during typical storms (occurring annually).
6.4 Describe the size class of each rock hit recoding first that it is a rock hit
(R), then the size class of the rock (e.g. R/G).
6.4.1. Fine gravel, gravel, and cobbles are roughly spherical
6.4.2. Channers and flagstones are flattish, stones.
6.4.3. Boulders can be either spherical or flat but have separate size
requirements depending on the shape.
These rock classes can be found in the Field Book for Describing and Sampling
Soils Version 3.0 page 2-47.
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Appendix B. RECOVERED AMF ITS CONSENSUS SEQUENCES SHOWING THE
BEST MATCH SPECIES HYPOTHESIS FROM THE UNITE DATABASE

Plant ID: EOP01 – Sample ID: E1 GLOM 1 – Primer: GLOM1310 – Organism: uncultured
Glomus – UNITE Species Hypothesis: SH019351.07FU – GenBank Accession: JQ218223 –
Consensus Sequence:
AGaCTtAGGCTAACCATTGTgTAGaGTCttGCCAGCTTCTGAGAGAgACTATCCGTGtCTAACCGA
TGgAAGTTtgAGCCAATTACAGTTCTGTgATGCCcTTAGATGTTcTGGGCCGCACgCGCGGTaCAC
TGATGAAGTCCACGAGTTCATTtCCTAtGCCGgAAAGCACCGGTAaTcTCTTGAAACtTCATCGTG
ATGGGgAAAGAGgCATGGCAAtTATTGCTCTTCAaCGAGgAATCCcTAGTaAGCACAAGTCATCA
GCTtGTGgCTGATtACGTCCcTGCCCTTtGTACaCACaCGcCCGTCGCTACTACcGATtGAATGGCTt
AGTGAgGCCCTCGGATCGTtgGTAAAGGACTGTAAAAGGTTCtTTTTCGATGAGAAGTTGGTCAA
ACTTGGcTCATTTAGAGGAAGTaAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCcTGCGgAAG
GGATCATTACAAATTGTGGCGATTCCCTCGCCATTTTTTTTCGTATTTAAAACATCCACTCTTGTA
AAAAAAATATTTTTTAATTAATATAAAAAAAAGATCACTTTCAACAACGGATCTCTTGGCTCTCG
CATCGATGAAGAACGTAGCGAAGTGCGATAAGTAGTGTGAATTGCAGAATTTCGTGAATCATC
GAATCTTTGAACGCAAATTGCACTCTCCGGTTTTCCGGGGGAGTATGCCTGTTTGAGGGTCAGC
CTAAATAAATTCGGCTTCGTTGCTGTGTGTTTTCGCGGTAACGTTTTGTCGGAATTTGGGTCATC
TTAAACCGAAAGGTTTTTAAGCGACTTAAAATTTTTTTTACGATTCCACGAACGTTTCTAAGATCA
TATTCTTTACAAGTTCAAGGTGTCGAATACCCTACTAGACGTGACCGTCGTATCGGATCGCGTCC
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ATAATATTTTATTCTTTAACTGACCTCAGACAGGTAAGAGTACCCGCTGAACTTAAGCATATCAA
TAAGCGGAGGA

Plant ID: EOP01 – Sample ID: E1 GLOM 3 – Primer: GLOM1310 – Organism: uncultured
Glomus – UNITE Species Hypothesis: SH210910.07FU– GenBank Accession: JN195706 –
Consensus Sequence:
TTAACATtGTTAGgTCGTCAGCTtCTtAGAGGgACTATCGaGTgTCTAaCCGATGGAaGTTTGAaG
GCAATAACAGgTCCGTGATGCccTtAGATGTTCTGGGCCGCACGgCGCGgCTACACTGgATGAAG
TCAACGgAGTTCATTTCcTATGGCGGAAaGGgCACGGGgTAATCtTTTTGAAACTTCATCGTGATG
GGGATAGgAGCATTGCAAATATTGCTTTTCAAaCGAaGGAATTCCTAGTAAGCACAAGTCATCA
GCTTGTGCTGATTtACGTtCCCTGgCCCTTTGTaACACACCGCCCGTCGCTACTACCGATTtGAAaT
GGgCTTAGTGgAgGGCCCTCGGATCGTTGGgTAAAaGGgACTGTAAAAaGGTTtCTTTTTtCGATG
AgGAAGTTGGTCAAACTTGGTCATTTATAGGAAaGTAAAAaGTCGCAACAAGGTTTCCGTAGGT
GAACCTGCGGAAGGATCATTACAACTTGTGGCGATTCCCTCGCCATTTTTTTTCGCATTTtAAAAC
AtTCCACTCGTAAAAAAAAAAAATTTTTTAAaTTAcTTActATAAAAAAAAAAGATCACcTTTCAAC
AACcGGATCTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAGTGTGAATT
GCAGAATTTCGTGAATCATCGAATCTTTGAACGCAAATTGCACTTTCCGGTTTTCCGGGGGAGT
ATGCCTGTTTGAGGGTCAGCCTAAATAAATTTGGCTTCGTTGCTGTGTGTTTTCGCGGTAACGTT
TTGTCGGAATTTGGGTCATCTTAAACCGAAAGGTTTTTAAGCGACTTAAAATTTTTTTTACGATTC
CACGAACGTTTCTAAGATCATATTCTTTACAAGTTCAAGGTGTCGAATACCCTACTAGACGTGAC
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CGTCGTATCGGATCGCGTCCATAATATTTCTATTCTTTAACTGACCTCAGACAGGTAAGAGTACC
CGCTGAACTTAAGCATATCAATAAGCGGAGGA
Plant ID: C2OP01 – Sample ID: C2-1 LETC 1 – Primer: LETC1670 – Organism: uncultured
Claroideoglomus – UNITE Species Hypothesis: SH208997.07FU – GenBank Accession:
HF970233 – Consensus Sequence:
GTGAGTAGCAATATTCGCTGGTTGCTGAGAAGTTGATCAAACTTGGTCATTTAGAGGAAGTAAA
AGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATAAAATTTTCATATATTAAT
TTTGTTAATATATAAAATTATACACAAATTGTATTCAAAACCCACACTCTTTTATAACCATAAAAA
AATATATTATATATTTATAATATAAAAAAAAACAACTTTCAACAACGGATCTCTTGGCTCTCGCAT
CGATGAAGAACGCAGCGAATTGCGATAAGTAATGTGAATTGCAGAATTACGTGAATCATCGAA
TCTTTGAACGCATATTGCACTCTCTGGTAATCCGGGGAGTATGCCTGTTTGAGGGTCAGTAAAT
AATAAATTATCACAATCTTTTGATTATGGAATTGGGCCTTTATTTCGAATAGATTTATGGCCTCAA
ATTTACGTTACCGCTTGTTTAATATGAAATTCGACGAATGGAGCAATTAAACATTCTCTCGTTAG
GCGGATTCATCAAGCAATTACGATTTTTTGGCCGCCGAAGGACTTTTACAAGTGCTTGGCCGAG
ATCGTGAGTTTTAACAAATGACCTCAAATCAGGCAAGAATACCCGCTGAACTTAAGCATATCAA
TAAGCGGAGGA

Plant ID: C2OP01 – Sample ID: C2-1 LETC 2 – Primer: LETC1670 – Organism: uncultured
Claroideoglomus – UNITE Species Hypothesis: SH208997.07FU – GenBank Accession:
HF970233 – Consensus Sequence:

118
GATCGGCGATCGGTGAGTAGCAATATTCGCTGGTTGCTGAGAAGTTGATCAAACTTGGTCATTT
AGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATAAAAT
TTTCATATATTAATTTTGTTAATATATAAAATTATACACAAAATGTATTCAAAACCCACACTCTTTT
ATAACCATAAAAAAATATATTATATATTTATAATATAAAAAAAACAACTTTCAACAACGGATCTC
TTGGCTCTCGCATCGATGAAGAACGCAGCGAATTGCGATAAGTAATGTGAATTGCAGAATTACG
TGAATCATCGAATCTTTGAACGCATATTGCACTCTCTGGTAATCCGGGGAGTATGCCTGTTTGAG
GGTCAGTAAATAATAAATTATCACAATCTTTTGATTATGGAATTGGGCCTTTATTTCGAATAGAT
TTATGGCCTCAAATTTACGTTACCGCTTGTTTAATATAAAATTCGACCGAATGGAGCAATTAAAC
ATTCTCTCGTTAGGCGGATTCATCAAGCAATTACGATTTTTTGGCCGCCGAAGGACTTTTACAAG
TGCTTGGCCGAGATCGTGAGTTTTAACAAATGACCTCAAATCAGGCAAGAATACCCGCTGAACT
TAAGCATATCAATAAGCGGAGGA

Plant ID: C2OP01 – Sample ID: C2-1 LETC 3 – Primer: LETC1670 – Organism: uncultured
Claroideoglomus – UNITE Species Hypothesis: SH208997.07FU – GenBank Accession:
HF970233 – Consensus Sequence:
GATCGGCGATCGGTGAGTAGCAATATTCGCTGGTTGCTGAGAAGTTGATCAAACTTGGTCATTT
AGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATAAAAT
TTTCATATATTAATTTTGTTAATATATAAAATTATACACAAATTGTATTCAAAACCCACACTCTTTT
ATAACCATAAAAAAATATATTATATATTTATAATATAAAAAAAAACAACTTTCAACAACGGATCT
CTTGGCTCTCGCATCGATGAAGAACGCAGCGAATTGCGATAAGTAATGTGAATTGCAGAATTAC
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GTGAATCATCGAATCTTTGAACGCATATTGCACTCTCTGGTAATCCGGGGAGTATGCCTGTTTGA
GGGTCAGTAAATAATAAATTATCACAATCTTTTGATTATGGAATTGGGCCTTTATTTCGAATAGA
TTTATGGCCTCAAATTTACGTTACCGCTTGTTTAATATGAAATTCGACGAATGGAGCAATTAAAC
ATTCTCTCGTTAGGCGGATTCATCAAGCAATTACGATTTTTTGGCCGCCGAAGGACTTTTACAAG
TGCTTGGCCGAGATCGTGAGTTTTAACAAATGACCTCAAATCAGGCAAGAATACCCGCTGAACT
TAAGCATATCAATAAGCGGAGGA
Plant ID: C2OP01 – Sample ID: C2-1 LETC 4 – Primer: LETC1670 – Organism: uncultured
Claroideoglomus – UNITE Species Hypothesis: SH208997.07FU – GenBank Accession:
HF970233 – Consensus Sequence:
GATCGGCGATCGGTGAGTAGCAATATTCGCTGGTTGCTGAGAAGTTGATCAAACTTGGTCATTT
AGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATAAAAT
TTTCATATATTAATTTTGTTAATATATAAAATTATACACAAAWTGTATTCAAAACCCACACTCTTT
TATAACCATAAAAAAATATATTATATATTTATAATATAAAAAAAAACAACTTTCAACAACGGATC
TCTTGGCTCTCGCATCGATGAAGAACGCAGCGAATTGCGATAAGTAATGTGAATTGCAGAATTA
CGTGAATCATCGAATCTTTGAACGCATATTGCACTCTCTGGTAATCCGGGGAGTATGCCTGTTTG
AGGGTCAGTAAATAATAAATTATCACAATCTTTTGATTATGGAATTGGGCCTTTATTTCGAATAG
ATTTATGGCCTCAAATTTACGTTACCGCTTGTTTAATATGAAATTCGACCGAATGGAGCAATTAA
ACATTCTCTCGCTAGGCGGATTCATCAAGCAATTACGATTTTTTGGCCGCCGAAGGACTTTTACA
AGTGCTTGGCCGAGATCGTGAGTTTTAACAAATGACCTCAAATCAGGCAAGAATACCCGCTGAA
CTTAAGCATATCAATAAGCGGAGGA
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Plant ID: C2OP01 – Sample ID: C2-1 LETC 5 – Primer: LETC1670 – Organism: uncultured
Claroideoglomus – UNITE Species Hypothesis: SH208997.07FU – GenBank Accession:
HF970233 – Consensus Sequence:
GATCGGCGATCGGTGAGTAGCAATATTCGCTGGTTGCTGAGAAGTTGATCAAACTTGGTCATTT
AGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATAAAAT
TTTCATATATTAATTTTGTTAATATATAAAATTATACACAAAATGTATTCAAAACCCACACTCTTTT
ATAACCATAAAAAAATATATTATATATTTATAATATAAAAAAAAACAACTTTCAACAACGGATCT
CTTGGCTCTCGCATCGATGAAGAACGCAGCGAATTGCGATAAGTAATGTGAATTGCAGAATTAC
GTGAATCATCGAATCTTTGAACGCATATTGCACTCTCTGGTAATCCGGGGAGTATGCCTGTTTGA
GGGTCAGTAAATAATAAATTATCACAATCTTTTGATTATGGAATTGGGCCTTTATTTCGAATAGA
TTTATGGCCTCAAATTTACGTTACCGCTTGTTTAATATGAAATTCGACCGAATGGAGCAATTAAA
CATTCTCTCGCTAGGCGGATTCATCAAGCAATTACGATTTTTTGGCCGCCGAAGGACTTTTACAA
GTGCTTGGCCGAGATCGTGAGTTTTAACAAATGACCTCAAATCAGGCAAGAATACCCGCTGAAC
TTAAGCATATCAATAAGCGGAGGA

Plant ID: C2OP01 – Sample ID: C2-1 LETC 6 – Primer: LETC1670 – Organism: uncultured
Claroideoglomus – UNITE Species Hypothesis: SH208997.07FU – GenBank Accession:
HF970233 – Consensus Sequence:

121
GATCGGCGATCGGTGAGTAGCAATATTCGCTGGTTGCTGAGAAGTTGATCAAACTTGGTCATTT
AGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATAAAAT
TTTCATATATTAATTTTGTTAATATATAAAATTATACACAAAATGTATTCAAAACCCACACTCTTTT
ATAACCATAAAAAAATATATTATATATTTATAATATAAAAAAAAACAACTTTCAACAACGGATCT
CTTGGCTCTCGCATCGATGAAGAACGCAGCGAATTGCGATAAGTAATGTGAATTGCAGAATTAC
GTGAATCATCGAATCTTTGAGCGCATATTGCACTCTCTGGTAATCCGGGGAGTATGCCTGTTTGA
GGGTCAGTAAATAATAAATTATCACAATCTTTTGATTATGGAATTGGGCCTTTATTTCGAATAGA
TTTATGGCCTCAAATTTACGTTACCGCTTGTTTAATATGAAATTCGACCGAATGGAGCAATTAAA
CATTCTCTCGTTAGGCGGATTCATCAAGCAATTACGATTTTTTGGCCGCCGAAGGACTTTTACAA
GTGCTTGGCCGAGATCGTGAGTTTTAACAAATGACCTCAAATCAGGCAAGAATACCCGCTGAAC
TTAAGCA

Plant ID: C2OP01 – Sample ID: C2-1 LETC 7 – Primer: LETC1670 – Organism: uncultured
Claroideoglomus – UNITE Species Hypothesis: SH208997.07FU – GenBank Accession:
HF970233 – Consensus Sequence:
GATCGGGACGGTGAGTAGCAATATTCGCTGGTTGCTGAGAAGTTGATCAAACTTGGTCATTTAG
AGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATAAAATTTT
CATATATTAATTTTGTTAATATATAAAATTATACACAAATTGTATTCAAAACCCACACTCTTTTATA
ACCATAAAAAAATATATTATATATTTATAATATAAAAAAAAACAACTTTCAACAACGGATCTCTT
GGCTCTCGCATCGATGAAGAACGCAGCGAATTGCGATAAGTAATGTGAATTGCAGAATTACGT
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GAATCATYGAATCTTTGAACGCATATTGCACTCTYTGGTAATCCGGGGAGTATGCCTGTTTGAGG
GTCAGTAAATAATAAATTATCACAATCTTTTGATTATGGAATTGGGCCTTTATTTYGAATAGATTT
ATGGCCTCAAATTTACGTTACCGCTTGTTTAATATGAAATTCGACCGAATGGAGCAATTAAACAT
TCTCTCGTTAGGCGGATTCATCAAGCAATTACGATTTTTTGGCCGCCGAAGGACTTTTACAAGTG
CTTGGCCGAGATCGTGAGTTTTAACAAATGACCTCAAATCAGGCAAGAATACCCGCTGAACTTA
AGCATATCAATAAGCGGAGGA

Plant ID: C2OP01 – Sample ID: C2-1 LETC 8 – Primer: LETC1670 – Organism: uncultured
Claroideoglomus – UNITE Species Hypothesis: SH208997.07FU – GenBank Accession:
HF970233 – Consensus Sequence:
GATCGGCGATCGGTGAGTAGCAATATTCGCTGGTTGCTGAGAAGTTGATCAAACTTGGTCATTT
AGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTATAAAAT
CTTCATATATTAATTTTGTTAATATATAAAATTATACACAAATTGTATTCAAAACCCACACTCTTTT
ATAACCATAAAAAAATATATTATATATTTATAATATAAAAAAAAACAACCTTCAACAACGGATCT
CTTGGCTCTCGCATCGATGAAGAACGCAGCGAATTGCGATAAGTAATGTGAATTGCAGAATTAC
GTGAATCATCGAATCTTTGAACGCATATTGCACTCTCTGGTAATCCGGGGAGTATGCCTGTTTGA
GGGTCAGTAAATAATAAATTATCACAATCTTTTGATTATGGAATTGGGCCTTTATTTCGAATAGA
TTTATGGCCTCAAATTTACGTTACCGCTTGTTTAATATGAAATTCGACCGAATGGAGCAATTAAA
CATTCTCTCGTTAGGCGGATTCATCAAGCAATTACGATTTTTTGGCCGCCGAAGGACTTTTACAA
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GTGCTTGGCCGAGATCGTGAGTTTTAACAAATGACCTCAAATCAGGCAAGAATACCCGCTGAAC
TTAAGCATATCAATAAGCGGAGGA

Plant ID: C3OP03 – Sample ID: C3-3 GLOM 1 – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH176084.07FU – GenBank Accession:
JN195660 – Consensus Sequence:
AgGCTAGGCTTAACAtTGtTAgGTCaGTCAGCtTCTTAGAGGGACTATCGGTGTTtaACCGAgTGG
AAGtTTGAGGCAAtTAACaAGGtTCTGtGATGGCCTTAGATGTTcTgGGCCGCAcCGCgGCGCTAc
ACTGATGAAGTCCACGAGtTTATAtCCtTTATcCGGAAGATAATGGTAATCTTTGGAACCtTCATC
GTGCTGGGGATAGAGCAATGCAATTAtTGCTCtTAAACGAGGAATcCCTAGTAAGCACAAGTCA
CCAGCTTGTGCTGATTACGTCCcTGCCCTTTGTACACAcCGCCCGTCGCTACTACCGATTGAATG
GCTTAGTGAGGCCCTCGGATCGATATTCATGAACTGGCAACAGTTTTtGTTTGTTGAGAAGTTGG
TCAAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGgTTTCCGTAGGTGAAcCTGCGGA
AGGATCATTAAAAATATAGCAAACCGAGCGTTAGCGAGGtTTTTGCGATCAAAATTGTATTTAA
AACCCAACTCTTTGAATCAAATATATAAATTATGTATCATAAATAAATAAAAGATCACTTTCAAC
AACGGATCTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAATGTGAATT
GCAGAATTCCGTGAATCATCGAATCTTTGAACGCAAATTGCACTTTCTGGTATTCCGGAGAGTAT
GCCTGTTTGAGGGTCAGTGTAATAAATAAATCGTGGTTGTTACCACCTTTCGTGGTGACGCTTCG
GAATTGAGTCGTCTTTACCCTTCGGGTTAAGTGACTTAAAATTTTTTCATACGATTTCGAAACGT
ATTTAATGTATTtATGTACGTTCACGAaTATCGAATGTTTTtATTAGGTgGCGGTCATTTTTCATGA
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ATTCGCGTcTaTAATaTTTTTTTTTGACcTCaAATCAGGTAAGAATACCCGCTGAACTtAAGCATAT
CaATaAGCGGAGGA

Plant ID: C3OP03 – Sample ID: C3-3 GLOM 2 – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH176124.07FU – GenBank Accession:
HQ917526– Consensus Sequence:
AGCTAGGCTTAACATTGTTAGGTCGTCAGCtTCtTAGAGGGACTATCGgTGtTTAACCGATgGAA
GTTTGAGGCAATaACAAGTCTTGGATTGCCTTAGATGTTCTggGCCGCACGCGCGCTACACTGAT
GAAGTtCAACGAGGTTATATCCTTTATCGAAAGaATATGAGTAAtTCTTTTGaAACTTCATCGTGC
TGGGGATAGAGCATtGCAATTATTGCTCTTAAACGAgGAATCCCTAGTAAGCACAAGTCACCAG
CTtGTGCTGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATTGAATGGCTTt
AGTGAGGCCCTCGGATCGATATTCATGAACTGGCAAaCAGTTTTTGTTTGTTGAaGaAAGTTGGT
CAAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACaAAGGTTTCCGTAGGTGAACCTGCGGAA
GGATCATTAAAAATATAGCAAACCAAGCGTTAGCGAGGTTTTGCGATCAAATTTGTATTTAAAA
CCCAACTCTTTGAATCAAATATATATTATGTATCATAAATAAATAAAAGATCACTTTCAACAACG
GATCTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAATGTGAATTGCAG
AATTCCGTGAATCATCGAATCTTTGAACGCAAATTGCACTTTCTGGTATTCCGGAGAGTATGCCT
GTTTGAGGGTCAGTGTAATAAATAAATCGTGGTTGTTACCACCTTTCGTGGTGACGCTTCGGAA
TTGAGTCGTCTTACCTTtCGGTTAAGTGACTTAAAatTTTTTCATACGATTTCGAAACGTATTTAAT
GTATtATGTACGTTTACGATTATCGaATGTTTTTTTAgGGGGCGGTCAtTTTCATGAtTTCGCAtTC
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TATaAtTCtTTTTTTTTTTGACCTCAAATCAGGTAaGAATACCCGCTGAACTTAAGCATATCAATAA
GCGGGAGGA

Plant ID: C3OP03 – Sample ID: C3-3 GLOM 3 – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH176084.07FU – GenBank Accession:
JN195660 – Consensus Sequence:
AGCTAGGCCTAACATTGTTAgGTCGTCAGCTTCcTTAgAGGGACTATCGGTGTTTAaCcGATGgA
AGtTTGAGGCAATAACAGgTcTGtGATGCCTTAAGATGTTtCTgGGCCGCGCGCGCGCTACAcTG
ATGAAGTCAaCGAGgTTTATATCcTTtATCGGAAGATATGGGTAATtCTTTTGAAACTtCATCGTG
CTgGGGATAGAGCATTGCAATtATTGCTCTTAAACGAgGAATCCCTAGTAAGCACAAGTCACCAG
CTTGTGCTGATTACGTCCcTGCCCTTTGTACACACCGcCCGTCGCTACTACCGATTGAATGGCTTA
GTGAGGCCCTCGGATCGATATTCATGAACTGGCAACAGTTTTTGTTTGTTGAGAAGTTGGTCAA
ACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGA
TCATTAAAAATATAGCAAACCAAGCGTTAGCGAGGTTTTGCGATCAAAATTGTATTTAAAACCCA
ACACTTTGAATCAAAAATTATATATATTATGTATCATGAATAATTAAAAGATCACTTTCAACAAC
GGATCTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAATGTGAATTGCA
GAATTtCCGTGAATCATCGAATCTTTGAACGCAAATTGCACTTTCTGGTATTCCGGAGAGTATGC
CTGTTTGAGGGTCAGTGCAATAAATAAATCGTGgtTGTTACCACCTTTCGTGGTGACGCTTCGGA
aTtGAGTCGTCtTTACCCTTCGGGTTAAGTGACTtAAAatTTTTTCATACGATTTCGAAACGTATTT
AaTGTATTATtGTACGTtCACGAaTATCGAaTGTTTtATtAGGTGCGGTCATTTTtCATGAATtCGCG
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TCTATAATTTTTTTTTTTGACCTCAaaTCAGgTaAGAGTACCCGCTGAaCTtAAGCATATCAATAAG
CGGAGGA

Plant ID: C3OP03 – Sample ID: C3-3 GLOM 4 – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH176124.07FU – GenBank Accession:
HQ917526– Consensus Sequence:
AGCTAGaGCTTaAACATTGTTAGGaTCGTCAGCTcTTTTAGAGGGACTATcCgGGTGTTTAAcCCG
ATGGAAGTTTgGAGGcCAATAACAGGTTTGGGATGACCtTAGATGTTCTGGGCCGCACGCcGCG
CTACACGGATGAAGTCAACGAGTTTATATCCTTTATCGGAAGATATGGGTAATCTTTTGAAACTT
CATCGTGCTGGGGATAGAaGCATTGCAATTAATGCTCtTAAACGaAGGAATCCCTAGTAAGCAC
AAGTCACCAGCTTGTGCTGATTACGTcCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATT
GAATGGCTTAGTGAGGCCCTCGGATCGATATTCATGAACTGGCAACAGTTTTTGTTTGTTGAGA
AGTTGGTCAAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCT
GCGGAAGGATCATTAAAAATATAGCAAACCGAGCGTTAGCGAGGTTTTGCGATCAAAATTGTAT
TTAAAACCCAACTCTTTGAATCAAATATATAAATTATGTATCATAAATAAATAAAAGATCACTTTC
AACAACGGATCTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAATGTGA
ATTGCAGAATTtCCGTGAATCATCGAATCtTTTGAACGCAAATTGCACTTTCTGGTATTCCcGGAG
AGTATGCCTGtTTGAGGGTCAGTGTAATAAATAAATCGTGgTTGtTACCACCtTTTCGTgGTGAcC
GCTTCgGAATTgGAGTCGTCtTACCTTCgGtTAAGtTGACTTAAAAtTTTTTTCATACGATTTCGAAA
CGTATTTAATGTATTaATGcTATACGTTCAcCGAATATCGAATGTTTcTATTAgGTGCGGTCaATTT
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TCATGaATTCGCGcTCTaTAcATTTTTTTTTTTGACCTCAAATCAGGTAAGAGTAtCCCGtCTgGAA
CTTAAGCATATCAATAAGCGGAGGA

Plant ID: C3OP03 – Sample ID: C3-3 GLOM 5 F – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH176103.07FU – GenBank Accession:
GQ388495 – Consensus Sequence:
AAAGCAAAGTGCACTATTTGTTATTCTGGAGAGGGGGCGCGTGTGAGGGTCACAGGAAAAAAA
AAATAGTGGTATGGCCACCTTTTGTGGTGAGGCTTAAGAAATGAGTCTTCTTTACCCCTCGGGTT
AAAGTGACTTAAAATTTTTTCATTTGAATTCGAAAAGTATTTAATGTATTATGTACGTTCACGAAT
ATCGAATGTTTTATTAGGTGCGGTCATTTTTCATGAATTTTTTTTCATAATTTTTTTTTTTTGACCTC
AAATCAGGTAAGACTACCCAAAAACTTAAGCATATCAATAAGCGGAGGA

Plant ID: C3OP03 – Sample ID: C3-3 GLOM 5 F – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH176103.07FU – GenBank Accession:
GQ388495 – Consensus Sequence:
AGCCGCTTTCATAATACCCCCCCCTAAATGGGACTAGCCCTTGCAGGTTTAAACAATTTCTCCCTT
ATCTAGGTTTAACATTGTTATGTCGTCACCTTCTTAGAGGGACTATCTGTGTTTAACCGATGGAA
GTCTGACGCTTTAACAGGTTTGTGATGCCCTTAGATGTTCTGGGCCGCACCCGCCCTACATTGAT
GAAGTCAATAAGTTTTTATCCTTTATCGTAAGATATGCGTAATCTTT
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Plant ID: C3OP03 – Sample ID: C3-3 GLOM 6 – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH176124.07FU – GenBank Accession:
HQ917526– Consensus Sequence:
AGCTAGGCTTAACATTGTTAGGTCGTCAGCTTCTTAGAGGGACCATCGGTGTTTAACCGATGGA
AGTTTGAGGCAATAAcCAGGTcTGTGATGCCCTTaAGATGTTCTGGGcCCGCACGCGCGCTACAc
TGATGAAGTCAACGAGTTTATATCCtTTATCGGaAAGATATGGGTAATCTTTTGAAACTTCATCG
TGCcTGGGGATAGAgGCATTGCaATTATTGCTcTTAAAcCGAGGAATCCCTAGTAAGCAcCAAGT
CACCAGCTTGTGCTGATTACGTCCCTGCCCTTTGTACACACCgGCCCGTCGCTACTACCGATTGA
ATGGCTTAGTGAGGCCCTCGGATCGATATTCATGAACTGGCAACAGTTTTTGTTTGTTGAGAAG
TTGGTCAAACTTGGTCATTTAGAGGAAGTaAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTG
CGGAAGGATCATTAAAAATATAGCAAACCGAGCGTTAGCGAGGTTTTGCGATCAAAATTGTATT
TAAAACCCAACTCTTTGAATCAAAAATATATATATTATGTATCATGAATAATTAAAAGATCACTTT
CAACAACGGATCTCTTGGCTCCCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAATGTG
AATTGCAGAATTtCCGTGAATCATCGAATCTTTGAACGCAAATTGCACTTTCTGGTATTCCGGAG
AGTATGCCTGTTTGAGGGTCAGTGTAATAAATAAATCGTGgTTGtTACCACCTTTCGTgGTGACG
CTTCGGaATTGAGTCGTCTTACCTTCGgtTaAGTGACTTaAAAtTTTTTCATACGATTtCGAAACGT
ATTTaATGTATTATGTACGTTCACGaATATCGaATGTTTTATTAGGTGCGGTCAtTTTCATGATTTC
GcCATCTATAATTCTTTTTTTttTGACCTCaAATCAGGTAAGaAATACCCGCTGAACTTAAGCATAT
CAAtTAAGCGGAGGA
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Plant ID: C3OP06 – Sample ID: C3-6 LETC 3 – Primer: LETC1670 – Organism: uncultured
Rhizophagus – UNITE Species Hypothesis: SH174651.07FU – GenBank Accession:
HF970319 – Consensus Sequence:
TTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATCCCTACCTGATCTGAGGTCATTAGATG
AAAAATTATAGACGTGAGTCATGAGGATGATCACACCTAATAAACATTCGATATTACAAAACGT
ACCAAATAAATTTAAATACGTTCAGATATCATACAAAAAATTTTAAGTCACTTAACCGAAAGGTA
AAGACGACCCAATTCCGAAGCGTCACCACCAAAGGTGGCAAAAACCCCGATTTTTATTTAACTG
ACCCTCAAACAGGCATACTCTCCGGAATACCAGAGAGTGCATATCAATAAGCGGAGGA

Plant ID: C3OP06 – Sample ID: C3-6 ACAU 1 – Primer: ACAU1660 – Organism: uncultured
Rhizophagus – UNITE Species Hypothesis: SH174651.07FU – GenBank Accession:
HF970319 – Consensus Sequence:
TCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATTCTTACCTGATTTGAGGTCATTAGATGA
AAAATTATAGACGTGAGTCATGAGGATGATCACACCTAATAAACATTCGATATTACAAAACGTA
CCAAATAAATTTAAATACGTTCAGATATCATACAAAAAATTTTAAGTCACTTAACCGAAAGGTAA
AGACAACCCATTTCCAAACCGTCCCCACCAAAGGTGGCAAAAACCCCGATTTTTATTTAACTGAC
CCTCAAACAGGCATACTCTCCGGAATACCAGAGAGT
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Plant ID: C3OP06 – Sample ID: C3-6 ACAU 4 – Primer: ACAU1660 – Organism: uncultured
Rhizophagus – UNITE Species Hypothesis: SH174651.07FU – GenBank Accession:
HF970319 – Consensus Sequence:
TCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATTCTTACCTGATTTGAGGTCATTAGATGA
AAAATTATAGACGTGAGCCATGAGGATGATCACACCTAATAAACATTCGATATTACAAAACGTA
CCAAATAAATTTAAATACGTTCAGATATCATACAAAAAATTTTAAGTCACTTAACCGAAAGGTAA
AGACGACCCAATTCCGAAGCGTCACCACCAAAGGTGGCAAAAACCCCGATTTTTATTTAACTGA
CCCTCAAACAGGCATACTCTCCGGAATACCAGAGAGT

Plant ID: C3OP06 – Sample ID: C3-6 ACAU 8 – Primer: ACAU1660 – Organism: uncultured
Rhizophagus – UNITE Species Hypothesis: SH174651.07FU – GenBank Accession:
HF970319 – Consensus Sequence:
TCCTCCGCTTATTGATATGCTTAAGCTCAGCGGGTATTCTTACCTGATTTGAGGTCATTAGATGA
AAAATTATAGACGTGAGTCATGAGGATGATCACACCTAATAAACATTCGATATTACAAAACGTA
CCAAATAAATTTAAATACGTTCAGATATCATACAAAAAATTTTAAGTCACTTAACCGAAAGGTAA
AGACGACCCAATTCCGAAGCGTCACCACCAAAGGTGGCAAAAACCCCGATTTTTATTTAACTGA
CCCTCAAACAGGCATACTCTCCGGAATACCAGAGAGT
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Plant ID: C3OP06 – Sample ID: C3-6 ACAU 9 – Primer: ACAU1660 – Organism: uncultured
Rhizophagus – UNITE Species Hypothesis: SH174651.07FU – GenBank Accession:
HF970319 – Consensus Sequence:
TCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATTCTTACCTGATTTGAGGTCATTAGATGA
AAAATTATAGACGTGAGCCATGAGGATGATCACACCTAATAAACATTCGATATTACAAAACGTA
CCAAATAAATTTAAATACGTTCAGATATCATACAAAAAATTTTAAGTCACTTAACCGAAAGGTAA
AGACGACCCAATTCCGAAGCGTCACCACCAAAGGTGGCAAAAACCCCGATTTTTATTTAACTGA
CCCTCAAACAGGCATACTCTCCGGAATACCAGAGAGT

Plant ID: C3OP06 – Sample ID: C3-6 ACAU 10 – Primer: ACAU1660 – Organism:
uncultured Rhizophagus – UNITE Species Hypothesis: SH174651.07FU – GenBank
Accession: HF970319 – Consensus Sequence:
TCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATTCTTACCTGATTTGAGGTCATTAGATGA
AAAATTATAGACGTGAGCCATGAGGATGATCACACCTAATAAACATTCGATATTACAAAACGTA
CCAAATAAATTTAAATACGTTCAGATATCATACAAAAAATTTTAAGTCACTTAACCGAAAGGTAA
AGACGACCCAATTCCGAAGCGTCACCACCAAAGGTGGCAAAAACCCCGATTTTTATTTAACTGA
CCCTCAAACAGGCATACTCTCCGGAATACCAGAGAGT
Plant ID: WOP01 – Sample ID: W1 GLOM 1 F – Primer: GLOM1310 – Organism:
uncultured Rhizophagus – GenBank Accession: HG425971 – Consensus Sequence:
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CCCAATCCCAACAGGGGCGAATGATTAGCGGCCGCGATTCCCCCTTAGCCTAGGCCTACATTGT
TAGGTCCCCTTCTTTTGAGGACTTATCGGTGTTTAACCATGGGAGTTTGGTGGCTTTTCAGGCTG
GTGTGGCCTTTAATTGTCTGGGGCCCCCGCCCGCCACCCCGGATGAACCATCGAGTTCATTTCCT
TTATCCGAAGATATGGGCAATCTTTTGAAACTTCATCTTGTTGGGGATAGAGCATTGCTACTATT
GCTCTTGTACGAGAAATCCCTAGCAAGAACAGGTACTAGCTTGTGCTGATTACGTCTTTGCGCTC
TGTACACTTGCCCGCCGCTACTACCCATTGAATGGTTTATGAGGTCTCCTACTGAGATTCTGAGA
CTGGCGACACACTCCTGCTTTGTAAAGTGTTAAACTTCCTCTTTTTTTACCCCCAATAGCCGCAAA
ATTTTTCTTT

Plant ID: WOP01 – Sample ID: W1 GLOM 2 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis DAOM 181602– UNITE Species Hypothesis: SH175545.07FU GenBank Accession: JF820508 – Consensus Sequence:
AGCTAGGCCTAACAtTGTTAGGTCGCCAGgCTTCTTAgGAGGGACTAtTCGGTGTTTAACCGATg
GAAGtTTGAGGCATTAACAGGTCTGTGgATGccCtTAGATGtTCTGGGCCGCAcCGCGCGCTACA
CTGATGAAGCCATCGAGgTTCAtTTCCTTTATCGGAaGATAtTGGGTaATCtTTTGAAACtTCATCG
TGCTGGGgATAAAGCATTGCGACTATtGCTCtTGAACGAGGAATCCCTAGTAAGTACAGGTCACT
AGCTTGTGCTGATTACGTCCcTGCCCTTTGTACACACCGcCCGTCGCTACTACCGATTGAATGGCT
TAGTGAGGCGTTCGGATTGAGATTCGGAGACTGGCAACAGACTCTTGGTTTTGAAAAGTTGGTC
AAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAG
GATCATTACCGATTTTAGCGGACCTGATCTCTGATCATGGTTTCGCGAAAACTTTGTATTTAAAA

133
CCCCACTCTTATAAATTGAATCATTTTATATGTATATAATAAATAAAGATCACTTTCAACAACGGA
TCTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAATGTGAATCGCAGAAT
TCCGTGAATCATCGAATCTTTGAACGCAAATTGCACTCTCTGGCAACCCGGGGAGTATGCCTGTT
TGAGGGTCAGTGTTAATAAAAATCGGTGCGTTGCAATTTTTTTTtGTGATGTTTCCGGAGtTTGA
GTTATCTTAACTCTTCTGGGTTTTTAAGAGGCTTAAAATTGACCtTTTTTTGTGCATTTTTAGACGT
ACATAAATTTTTTTTTATtCGTCTATCtTaATGCCaAAATCTATTAGATGCGAcCATATCATGTGGC
TtCGTGTcCATaAAtTTTTCATGATTTGACcTCaAATCAGGTAgGaACACCCGCTGAACtTaAGCAT
ATCAATAAGCGGAGGA
Plant ID: WOP01 – Sample ID: W1 GLOM 4 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis – UNITE Species Hypothesis: SH196851.07FU - GenBank
Accession: JF820430 – Consensus Sequence:
AGCTAGGCCTAACATTGTTAGGTCGCCAGCTTCTTAGAGGGACTATCGGTGTTTAACCGATGGA
AGTTTGAGGCAATAACAGGTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTG
ATGAAGTCATCGAGTTCATTTCCTTTATCGGAAGATATGGGTAATCTTTTGAAACTTCATCGTGC
TGGGGATAGAGCATTGCAACTATTGcTcTTGAgGCGAgGGAATcCCTAGTAGGTACAAGtTCATG
AGTCTGGGCTAATAACGTACCTGaCCCTATgGTACGCACCGCCCGTCGCTACTACCGATTGAATG
GgCTTAGTGCGCCCTTCGGATTGAGATTCGGAGACTGGCAACAGACTCTTGGTTTTGAAAAGTT
GGTCAAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCG
GaAAGGATCATTACCGATTTTAGCGGACCTGATCTCTGATCATGGTTTTCGCGAAAACTTTGTAT
TTAAAACCCCACTCTTATAAATTtGAATCATTTTATATGTATATAAaTaAAATAAAGATCACTTTtC
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ACCAACGGATCTCTTtGGcCTCTCGCATCGATGAAGAACGTAGCGAAGTGgCGATAAGTAATGT
GAATTtGCaGAATTCCgGTGaAATCATCGAATCTTGAAACGCAAAATTCAcCTcCTCTcTCGGaAG
AGTATGCCTGTTTGAGGGTCAGTATTAATAAAAATCGGCGTGTTGCTCTTTTGTGACGTTCCGGA
GTTCGAGTTATCTTAACTCTTCTGGGTTTTAAGAGACTTAAAATTGACCTTTTTTGTGCATTTTAG
ACGTACATAAATTTTTTTTTTATTCGTCTATCTTTAATGCCAAAATCTATTAGATGCGACCATATC
GTGTGGTTTCGTGTCCATAAATTTTTCATGATTTGACCTCAAATCAGGTAAGAACACCCGCTGAA
CTTAAGCATATCAATAAGCGGAGGA

Plant ID: WOP01 – Sample ID: W1 GLOM 7 F – Primer: GLOM1310 – Organism:
Funneliformis mosseae – UNITE Species Hypothesis: SH184262.07FU - GenBank
Accession: JF439106 – Consensus Sequence:
CGGAAATACGTTTTGGGGGCGATTGAATTTAGCGGCCGCGAATTCGCCCTTCCCTCGGCTTATT
GATAGGCTTAAGTTTGGGAGGGGGGGGACCTGATTTGAGGTCAAAAGTGGGAGTACTGTTTAC
AAACGAGCCTGACGACCCCAAGTCAAACGTACGGCATGAGATGGTACGTCATCGCGCGTTCTTA
AACGGAATTGATCTTAAATACGCTTTAGTCGAACCGGATGGATGAATTTTAAGCCAGTTTTACAT
GAACTAACCTTTGAAAGACGGCTCAATTCCCACCCGATCACCCTCAAACAAAAAGAGCGACGCT
TCGATTTTTTGTTCTAACGACCCTCAAACAGGCTTACTCCCCGGAATACCAGGGAGTGCAATTTG
CTACCAAAGATTCAATGAGTCACGGAATTCTGCCATTCATATTACTTATCTCTCTTTGCCACGTTC
TTCGCCGATGCAAGAGCCAAGATA
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Plant ID: WOP01 – Sample ID: W1 GLOM 8 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis DAOM 181602 – UNITE Species Hypothesis: SH175527.07FU GenBank Accession: JF820541 – Consensus Sequence:
AGCTAGGCTtAACaTtGTTAGGTCGgCCAGCTTCTtAgAGGgACTATCGGTGTTTAaCCGATGGAA
GTTtGAGGCAaTAACAGGTtCTGTGgAaTGCCcTTAGAaTGTTCTGGGaCCGCACGCGCGgCTACA
CTGATGAAgGTCATCGAGTTCATTCCCTTTATCGGAAGATtATGGGTAATCTcTTTGAAaCtTCATC
GTGCTGGGGATAGAaGCATtGCAAaCTATTtGCTCTtGAACGAGgAaTCCCTAGTAGGTACAAGT
CACTAGCCTGTGCTGAATACGTcCCTGCCCTTTGTACACACCGGCCGTCGCTACTACCGATTGAA
TGGCTTAGTGAGgcCTTCGGATTGAGAtTCGGAGACTGGCAACAGACTCTTGGTTTTGTAAAGTT
GGTCAAACTTGGTCATTtAGAGGAAaGTaAAAAGTCGTAACaAAGGTTTCCGTAGGTGAACCtGC
GGAAGGATCATTACCGATTTTAGCGGACCTGATCTCTGATCATGGTTTTCGCGAAAACTTTGTAT
TTAAAACCCCACTCTTATAAATTGAATCATTTTATATGTATATAATAAATAAAGATCACTTTCAAC
AACGGATCTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAATGTGAATT
GCAGAATTCCGTGAATCATCGAATCTTTGAACGCAAATTGCACTCCCTGGTATTCCGGGGAGTA
TGCCTGTTTGAaGGGTCGTTAGAACAAAAAATCGAAGCGTCGCTCTTTTTTTTTtGAgGGGTGAT
CGCGTCGGAATTGAaGCCGTCtTTTCAAATGTTAGTTCATGTCAAAGTGGCTTAAAATTCATCCA
TCCGGTACGATTAAAGCGTATTtAAGaATCAATTCCGATTAAGAACGgCGCGATGACGTACCATt
CTcCATGTAGTACGTTTGgACtTGGCGTCGTCAGgTTCATtCGtATACcGATACTCAAACcTTTTGA
aCCcTCAAaTCAGGTAAaGAAaTACCcGCTGAACTtAAGCATaTCAATAAGCGGAGGA
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Plant ID: WOP02 – Sample ID: W2 GLOM 1 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis DAOM 181602 – UNITE Species Hypothesis: SH175527.07FU GenBank Accession: JF820509 – Consensus Sequence:
AGCTAGGCTTAACATTGTTAGGTCGCCAGCtTCtTAgAGGGACTATCGGTGTTTAaCCGATGGAA
GTTTGAGGCaATAACaAGGTCTGTGATGCCCTTtAGATGTTCTGGGCCGCACGCGCGgCTACaAC
TGATGAAGTCATCGAaGTTCAtTTCCtTTATCGGAAGaATATGaGGTAATCTTTTGAAACTTCATC
GTGCTGGaGGATAGAGCATTGCAACTATTGCTCTTGAACGAgGAATCCCTAGTAAGTACAAGTC
ACTAGCTTGTGCTGATTACGTCCcTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATTGAAT
GGCTTAGTGAaGGCCtTTCGGATTGAGATTAGGAGACTGGCAACAGACTCTTGGTTTTGAAAAG
TTGGTCAAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAATAAGGTTTCCGTAGGTGAACCTGC
GGAAGGATCATTACCGATTTTTAGCGGACCTGATCTTTGGTCATGGTCTTGCGAAAAACTCGTAT
TTAAAACCCCACTCTTATAAATTGAAATCATATTTATATGTATATAATAAATAAAGATTACTTTCA
ACAACGGATCTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAGGTGCGATAAGTAATGTGAA
TTGCAGAATTtCCGTGAATCATCGAATTTTTGAACGCAAaTTGCACTCTCTGGCaACCCGGGGAG
TATGCCTGTTTGAGGgTCAGTATTAATAAAAaTCGGTGCGtTGCaATTTTTGTGATGTTCCGGAGT
TTGAGTTATCTTTACTTTGGgTTTAAGAGGCtTAAAATgTGATATTTTTTTgGTGCATTTTTAGACG
TACATAAATTTTTTTTAaTTCGTcCATTCTAATGcCAAAATCtATTaAGATGCGACCATGTCTTAtG
GtTTCGtGTcTATaAAttTTTcATGAtTTGACCTCAAATCAgGTAGGAACACCCGcCTGAACtTAAGC
CTAtTTAcATAtAGcCGG
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Plant ID: WOP02 – Sample ID: W2 GLOM 2 – Primer: GLOM1310 – Organism: uncultured
Glomus – UNITE Species Hypothesis: SH175579.07FU - GenBank Accession: JN194904 –
Consensus Sequence:
AGCTAgGGCCTAcACATTGTTAGGtTCGcCAGaCTTTTTGGAGaGGACgTATTGGGTTTTAACCGA
tTGGaAAGTTCGAGGCAATaAACGGGTTTgGGGaATGCCTTTaGATGTTcTGGaGCCGCACaCCG
CGCTACAGTGATGAAGTCATCAAGTTCATTTCCTTATTCGGAAGATAATGGTAATCTTTTGGAAT
TTCATCGTGCTGGGGATTGaAGCCATGCAACTATTGCTCCTGaAACGaAGGAATCCCgTagAGTA
AGTACAAGTCACTAGCTTGTGCTGAaTTACGtTCCCTGCCCTTTGTACACACCGCCCGgTCGCTAC
TACCGATTGAATGACtTTAGTGAGGCCTTtTGGATTGAGAATaAGGAGACTgGGCAACAGACTCT
TGATTTTGaAAAAGTTGGTCAAACTTGGTCATTTAGAgGGAAGTAAAAGTCGTAACAAGGTTTC
CGTAGGTGAACCTGCGGAAGGATCATTACCGATTTTTAGCGGACCTGATCTTTGGTCATGGTCT
CGCGAAAACTTGTATTTAAAACCCCACTCTTATAAATTGAATCATATATTTATATAATAAATAAAG
ATCACTTTCAACAACGGATCTCTTGGCTCTCGCATCGATGAGGaACGTAGCGAAGTGCGATAaG
TAATGTGaATTGCAGaATTCCGTGAATCATCGAATCTTTGACCGCAAATTGcCACTCTCTGGCaAC
CCGGGGAGtTATGCCTGTTTGGGGGTCAGTGtTAATAAAAATCGGTGgCGTTGCaATTTTTGTGA
TGTTCCGGAGTTTGAGCtTATcCTCaACTTTTAGGtTTTAAGAGGCtTAAAATTGaATAtTTTTTTTG
TGCAtTTTAGaACGTACaTAAgTTTTTTTTATTCGgTCTAtTTCTAATGCCAAAATCTAtTTaAGATA
CGACaCAtATCgTGTGGTTCCgTGTCTATAAATTTTTCATgGATTTGACCTCaaATCaAGGTAGGGt
ATACCCGCTGAAcCTTAAGCATATCAATAAgCGGAGGA
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Plant ID: WOP02 – Sample ID: W2 GLOM 3 F – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH175525.07FU - GenBank Accession:
JN195075 - Consensus Sequence:
TCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATTCTTACCTGATTTGAGGTCAAATCATGA
AAAATTTATAGACACGGAACCACACGATATGGTCGCATCTAATAGATTTGGCATTAAGATAGAC
GAATAAAAAAAAATTTATGTACGTCCTAAAAAATGCGCAAAAAAGATGTCAATTTTAAGCCTCTT
AAAAACACCTGAAAGGGTGTTGTCATAAGATGACCCAAACTCCGGAACGTCACAGAAGAGCAA
CACGCCGATTTTTATTAATACTGACCCTCAAACAGGCATACTCTCGATAAAGGAGAGTGCAATTT
GCGTTCAAAGATTCGATGATTCACGGAATTCTGCAATTCACATTACTTATCGCACTTCGCTACGT
TCTTCATCGATGCGAGAGCCAAGAGATCCGTTGTTGAAAGTGATCTTTATTTATTATACATAATA
AAAATGATTCAATTATAAAGAGTGGGGTTTTAAATACAAAGTTTTCGCGAGACCATGACCAAAG
ATCATGTCCGCTAAAAATCGGTAATGATCCTTCCGCAGGTTCACCTACGGAAACCTTGTTACGAC
TTTTACTTCCTCTAAATGACCAAGTTTGACCAACTTTTTCAAAACCAAGAGTCTGTTGCCAGTCTC
TTATCTCAATCGAAAGGCTCACTAAGCCATTCATCCGCAGTAGCGACGGGCCGTGTGTACAAGG
GCTAGGACGTATTCAG

Plant ID: WOP02 – Sample ID: W2 GLOM 5 – Primer: GLOM1310 – Organism: uncultured
Glomus – UNITE Species Hypothesis: SH175579.07FU - GenBank Accession: JN194904 Consensus Sequence:
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AGGCTAGGCTTAACATTgTtAGGTCGCCAGCTTcTtAGAGaGGACTAtCGGTgTttAaCcGATGgAA
GTTtGAGGCAATAACAGgTCTGTGATGCCcTTaGAtGTTcTGGGCCGCACGCGCGcTACACaTGAt
GAAGTCATcGAGTTCATTTCcTTtATCGGAAGATAtGGGTAATtCTTTTGAAACTTCATCGTGCTG
GggATaGAGgCATTGCAaCtATtGCTCTtGAaCGAGgAATCCcTAGTAaGTACAaGTCACTAGCTtG
TGCTGATtACGTCCcTGCCCTTTgTACAaCACCGcCCGTCGCTACTACcGATtGAATtGGCTTAGTG
AGGCCTTCGGAATGAGATTAgGAGACTGGCAACAGACTCTTAGtTTTGAAAAGTTGGTCAAACT
CGGTCATTTAGAGGAAGTaAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCA
TTACCGATTTTTAGCGAACGTGATCTTTGGTCATGGTCTCGTGACAACTTGTATTTAAAACCCCA
CTCTTATAAATTGAATCATTTTATTGTGTATAATAATATAAATAAAGATCACTTTCAACAACGGAT
CTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAATGTGAATTGCAGaATT
CCGTGAATCATCGAATCTTTGAACGCAAATTGTACTCTCTGGCAACCcGGGGAGTATGCCTGTTT
GAGGGTCAGTGTtAATAAAaaTCGGgTGCGTTGCAaTTTTtGTGAcTGTTcCGGAGTTTGAGCTAT
CTCAACTTTtAGGTTTtAAGAGgCTTAAAaTTGATATTTTTTTGTGCATTTtAGACGTACaTAAATTT
TTttATCCGTCTATTTCATTGCCcAAACTCAATGAGATACGAcCATATCGTGTGGTtCCGTGCCTAT
AAACTTCtCATGATTTGACcTCaAATCAGGTAGGGATACCCGCTGAACcTTAAGCATATCAATAA
GCGGAGGA

Plant ID: WOP02 – Sample ID: W2 GLOM 6 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis – UNITE Species Hypothesis: SH175527.07FU - GenBank
Accession: FJ009613 - Consensus Sequence:
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AGCTAGGCTTAACATTGTTAGGTCGCCAGCTTCTTAGAGGGACTATCGGTGTTTAACCGATGGA
AGTTTGAGGCAATAACAGGTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTG
ATGAAGTCATCGAGTTCATTTCCTTTATCGGAAGATATGGGTAATCTTTTGAAACTTCATCGTGC
TGGGGATAGAGCATTGCAACTATTGCTCTTGAACGAGGAATCCCTAGTAAGTACAAGTCACTAG
CTTGTGCTGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATTGAATGGCTT
AGTGAGGCCTTCGGATTGAGATTAGGAGACTGGCAACAGACTCTTGGTTTTGAAAAGTTGGTC
AAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAATAAGGTTTCCGTAGGTGAACCTGCGGAAG
GATCATTACCGATTTTTAGCGGACCTGATCTTTGGTCATGGTCTTGCGAAAAACTCGTATTTAAA
ACCCCACTTCTTATAAAATTGAAATCATATTTATATGTATATAAaTAAATAAAGATCACTTTCAAC
AACGGATCTCTTGGCTCTCGCATTGAAGaAGAACGTAGCGAGGTGCGATAAGTAATGTGAATT
GCAGAATTCCGTcGAATCATTGAATTTTTGAACGCAAATTGCACTCTCTGGCgAACCCgGAGGAG
TATGCCTGTTTtGAGGGTCAGTATTAAAAAAAATcCGGTGCGTTGCAATTTTTGTGATGTTCCGG
AGTTTGAGTTATCTTTACTTTGGGTTTAAGAGGCTTAAAATTGATATTTTTTTGTGCATTTTTAGA
CGTACATAAATTTTTTTTATTCGTCCATTCTAATGCCAAAATCTATTAGATGCGACCATGTCTTAT
GGTTTCGTGTCTATAAATTTTTCATGATTTGACCTCAAATCAGGTAGGAACACCCGCTGAACTTA
AGCATATCAATAAGCGGAGGA

Plant ID: WOP02 – Sample ID: W2 GLOM 7 F – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH175579.07FU - GenBank Accession:
JN194904 - Consensus Sequence:
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AGCTAGGCTTAACATTGTTAGGTCGCCAGCTTCTTAGAGGGACTATCGGTGTTTAACCGATGGA
AGTTTGAGGCAATAACAGGTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTG
ATGAAGTCATCGAGTTCATTTCCTTTATCGGAAGATATGGGTAATCTTTTGAAACTTCATCGTGC
TGGGGATAGAGCATTGCAACTATTGCTCTTGAACGAGGAATCCCTAGTAAGTACAAGTCACTAG
CTTGTGCTGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATTGAATGGCTT
AGTGAGGCCTTCGGATTGAGATTAGGAGACTGGCAACAGACTCTTGGTTTTGAAAAGTTGGTC
AAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAG
GATCATTACCGATTTTTAGCGGACCTGATCTTTGGTCATGGTCTCGCGAAAACTTGTATTTAAAA
CCCCACTCTTATAAATTGAATCATATATTTATATAATAAATAAAGATCACTTTTCAACAACGGATC
TCTTGGCTCTCGCATCGATGAAGACCGTAGCGAAGTGCGATAAGTATTGTGAATTGCAGAATTT
CCGGTGATTCATCGATTCTTTTGACCGCAAATTGCCACTTCTCTGGGCAACCCGGGGGAGTAAT
GCTGGTTTGGAGGGTTCAGGGTTAAATAAAAAATCGGTGCGTTGGCAATTTTTGGTGATGTTCC
GAAGTTGAAGCTTATCTTAGCCTTTTGGTTTTAGGAGGCTTAAAGTGAAATTTTTTTGGTGCATT
TTAAGACGTTCATAGTTTAAATCCGCTCAATCCAATGCCAATTCATTAGATCGAACCAATCCGTG
GTTCGGGTCTAAAGTTTCATGGATGACCTCAATCCGTAGGATCCGCCTGAACTTAGCATACATAT
CGAGGACGCGATTCGTTAACTGCAGACTAGTCGTATGCAGTAAGTCGACTGCGACTCAGCTAAC
GTACTGACAGTTACGTCAATTACAACATCACGGA
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Plant ID: WOP02 – Sample ID: W2 GLOM 8 – Primer: GLOM1310 – Organism: uncultured
Glomus – UNITE Species Hypothesis: SH175579.07FU - GenBank Accession: JN194904 Consensus Sequence:
AGCTAGGCtTaACAtTGTTAgGTCGCCAGCtTCTTAGAGGGACTaATCGGTGTTTAACCGATGgAA
GTTTGAGGCAATAACAGGtTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCgGCTACAcTG
ATGAAGTCATCGAGTtCATTTCCTTTATCGGGAGATATGGGTAATCTTTtGaAACtTCATCGTGCT
GGGGATAGAGCATTGCaACTATTGCTCTTGAACGAGGAATCCCTAGTAAGTACAAGTCACTAGC
TTGTGCTGATTACGTACCTGCCCTTTGTACACACCGcCCGTCGCTACTACCGATTGAATGACTTA
GTGAGGCCTTCGGATTGAGATTAGGAGACTGGCAACAGACTCTTGGtTTTGAAAAGTTGGTCAA
ACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGA
TCATCACCGATTTTTAGCGAACCTGATCTTTGGTCATGGTCTCGTGACAACTTGTATTTAAAACCC
CACTCTTATAAATTGAATCATTTTATTGTGTATAATAATATAAATAAAGATCACTTTCAACAACGG
ATCTCTTGGCTCTCGCATCGATGAaGAACGTAGCGAAGTGCGATAAGTAATGTGAATTGCAGAa
TTCCGTGAATCATCGAATCTTTGAaCGCAAATTGTACTCTCTGGCAaCCCgGGGAGTATGCCTGT
TTGAGGGTCAGTGTTAaTAAAAATCGGTGCGTTGCaATTTTTTGTGACGTTTCGGAGTTTGAGTT
AtTCTTAGCtTTTTGGGtTTTAAGAGGCTTAAAATgaTGATTTTTTTTTTGTGCATTTTTAGACGTAC
ATAAATTTTTTTATTCGTCTATTCTAATGCCaAAATCTAtTTAGAtACGACCATATCGTGTGGTTCC
GTGTCTaTAAAtTTTTCATGATTTGACCTCaaATCAgGTAgGGATaccCGCTGaACtTAAGCaTATCA
ATaAGCgGAGGA
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Plant ID: WOP03 – Sample ID: W3 GLOM 1 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis DAOM 181602 – UNITE Species Hypothesis: SH175545.07FU GenBank Accession: JF820508 - Consensus Sequence:
AGCTAGGCgTTaAACATTgTTAGGTcGCCAGCTTCTTAGAcGGGACTATCGGTGTTTaAACCGAT
GGAAAGTCGAGTCAATTAcCAGGTCTcGTGATGCCCtTAGAtTGTTcTGGACCGCACGCGCgGCT
ACACTGATGAAGTCATAGAGTTTATTTCCTTTATCGGAAGgATATGGGTAATCTTTTGAAACTTC
ATCGTGaCTGGGGATAGAGCATTGCaAACTATTGCTCTTGAACGAGGAATCCCTAGTaAAGTAC
AAGTCACTAGCTTGTGCTGATTATGTCCCTaGCCCTTTGTACACACCGCCCGTCGCTACTACCGAT
TGAAaTGGCTTAGTGAGGCCTTTGGaATTGAGATTCGGAGACTGGCAACAGACTCTTGGTTTTG
AAAAGTTGGTCAAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGA
ACCTGCGGAAGGATCATTACCGATTTTAGCGGACCTGATCTCTGGTCATGGTCTCGCGAAAAaC
TTGTaATTTaAAAAcCCCCCCTCTTATaAAATTGAATCATTTtATACTATgGTATAtTAATaAAATaA
AAGATCACTTTCAaCAACGGATCTCtTTGtGCTCtTcCGCATCGATGaAGAACGTAGCGAAGTGtC
GATAAGTAATGTGAATTGCAGAATTCCGTGAATCATCGAATCTTTGAACGCAAATTGCACTCTCT
GGTAACCCGGGGAGTATGCCTGTTTGAGGGTCAGTGTTAATAAAAATCGGTGCGTTGCAATTTT
TGTGATGTTCCGGAGTTTGAGTAATCTTAACTTTTCTGGGTTTTAAGAGGCTTAAAATTGACCTT
TTTTGTGCATTTTAGACGTACATAAATTTTTTTTTATTCGTCTATCTTAATGCCAAAATCTATTAGA
TGCGACCATATCATGTGGTTTCGTGTCCATAAATTTTTCATGATTTGACCTCAAATCAGGTAGGA
ACACCCGCTGAACTTAAGCATATCAATAAGCGGAGGA
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Plant ID: WOP03 – Sample ID: W3 GLOM 2 F – Primer: GLOM1310 – Organism:
uncultured Glomus – UNITE Species Hypothesis: SH175525.07FU - GenBank Accession:
JN195397 - Consensus Sequence:
ACCCTATTTTTTTTATTTGGGAATTGAATTTAGCGTTTGTTATTCGCCCTTAGCTCGGCTTAACATT
GTTAGGTCGTAGTTCCTAGAAGGATATCGGTGTTACCGAAGGAAGTTTGATTCTATAACAAGTC
TGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTGATGAAGTCATAGAGTTTATTTC
CTTTATCGGAAGATATGGGTAATCTTTTGAAACTTCTTGTGCTGGGGATAGAGCATTGAACTTGT
GCTCTTGATGAAAAATCCCTAGGAGTACATTTATTATTTTGGTTAATTATTTCTGGTCTTTGGCGT
TATCGCCCTTCTTCCTTGAGAATGATTGTTTATTGAGCCTTT

Plant ID: WOP03 – Sample ID: W3 GLOM 5 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis – UNITE Species Hypothesis: SH175533.07FU - GenBank
Accession: JF820477 - Consensus Sequence:
AGCTAGGCTTAACATTGtTAGGcTCGCCAGCTTCTtAGaAGGGACTATTCGTGGTCTACCGaATG
AAAGtTTGAGGCAATAACAGGTCTGTGATGGCCtTTAGaATGTTCTGGGCCGCACGCGCGCTAC
ACTGATGAAGTCATAGAGgTTTATTTCCTTTTTCGGaAAGATAtTGGGTAATCTTTTGAAACTTCA
TCGTGCTGaGGGATAGAGCATTGCAACTATtGCTCtTGAACGAGGAATCCCTAGTAAGTACAAGT
CACTAGCTTGTGCTGATTACGTCCCTGCCCTTTGTACACACCGcCCGTCGCTACTACCGATTGAAT
GGCTTAGTGAGGCCTTCGGATTGAGATTCGGAGACTGGCAACAGACTCTTGGTTTTGAAAAGTT
GGTCAAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCG
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GAAGGATCATTACCGATTTTAGCGGACCTGATCTCTGATCATGGTCTCACGAAAACTTGTATTTA
AAACCCCACTCTTATATATTGAATCATTTTATATTGTATATAATAAATAAAGATCACTTTtCAACAA
CGGATCTCtTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGAaTAAGTAATGTGATTTG
CAGATTTCCGTGAATCATCGAATtCtTTTGAACGCAAATtGCACtTCtTCTGGCAACCCGGGGAGTt
ATGCTTGTTTGAGGGTCAGTtGTTAAtTaAAAAATCGGtTGCGTTGCAAATTTTTTGgTGATGTTTT
CGAAGTTTGaAGTTATCTTAATTAACTCTTCTgGGTTTTAAgGAGGCTTAAAATTGACCTTTTTTGg
TGCATTTTAGaACGTAcATAAATTTTTTTTTTTTcCGTcTAtTCTTAATGCCAAAATCTATTAGaATG
CGACCATAtTCATGtGGTTTCGtGTCCATaAATTTTTCATGATTTGAcCTCaAATCAgGTAgGAACa
CCCGCTGAACTTAAGCATATCAaTAAGCGGAGGA
Plant ID: WOP03 – Sample ID: W3 GLOM 6 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis DAOM 181602 – UNITE Species Hypothesis: SH175545.07FU GenBank Accession: JF820508 - Consensus Sequence:
AGCTAGGCTTAACATTGTTAgAGGTgCGCCAGCgTTCTTAGAGaGGACTcATCGGTGTTcTAgACC
aGAtGGAAGtTTGAgGGCAtATAACAgGGTCTgTGATGCCCTTaAGATGTTCTGGGCCgGCACGCa
GCGCTACACtGATGAAGTCATCGAGTTcCATTTCCTTTATCGGAAGATATGGGTAATCTTTTGAA
ACTTCATCGTGCTGGGGATAGAaGCATTGCaACTAtTGATCTTGAACGAGGAATCCCTAGTAAGT
ACAAGTCACTAGCTTGTGCTGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCG
ATTGAATGGCTTAGTGAGGCCTTtCGGATTGAGATTCGaGAGACTGaGCAACAGACTCTTGGTTT
TGAAAAGTTGGTCAAACTTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGT
GAACCTGCGGAAGGATCATTACCGATTTTAGCGGACCTGATCTCTGATCATGGTTTCGCGAAAA
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CTTTGTATTTAAAACCCCACTCTTATAAATTGAATCATTTTATATGTATATAATAAATAAAGATCA
CTTTCAACAACGGATCTCTTGGCTCTCGCATCGATGAAGAACGTAGCGAAGTGCGATAAGTAAT
GTGAATTGCAGAATTCCGTGAATCATCGAATCTTTGAACGCAAATTGCACTCTCTGGCAACCCG
GGGAGTATGCCTGTTTGAGGGTCAGTGTTAATAAAAATCGGTGCGTTGCAATTTTTTTTGTGAT
GTTTCCGGAGTTTGAGTTATCTTAACTCTTCTGGGTTTTTAaGAGGCTTAAAATTGACCTTTTTTt
GTGCATTTTTAgGACGTACATAAATTTTTTTTtATTCGTCtTATCTTaATGCCaAAATCTAtTAGaAT
GCGAcCATATCATGTGGCTtCGTGTCTATaAATTTTTCATGATTTGACCTCAAaTCAGGTAGGAAC
ACCCGCTGAACTTaAGCATATCAATAAGCGGAGGA

Plant ID: WOP03 – Sample ID: W3 GLOM 7 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis – UNITE Species Hypothesis: SH184262.07FU - GenBank
Accession: AM992831 - Consensus Sequence:
AGCTAGGCTtAaCATtGTtAGgTCgTCAGCTtCTtAGAGggACTATCGGTgtttAACcGATGgAaGTTt
GAGgCAATAACcAGGTCTGTGATGCCcTTAGAaTGCTCTGGGCcGCACGCGCGGTAcCACTGATG
AAGTtCAACcGAGGTCCAATTCCTTATCGgAAAGaATATGGGTAATCCTTTGGAACTCCATCGTG
ATGGGAATAGAaGCATTGCAATtAATGCTCTTCAACGAGAAATCCCTAGTAAGCACcAAGTCATC
cAGCTTGTGTtGATTACGTtCCCTGCCCcTTGGTACACcACCGCCCGgTCgGCTACTACCGATTGAA
TGGCTTAGTGAaGACCCcTCcGGaATTGGTATTCAGAAaGCTTTAAcCCGGCATCTGTTTGCTGA
GAAaGTTGGTCaAAACTTGGTCATTTAGAGGAAaGTAAAAGTCGTAACaAAGGTTTCCGTAGGT
GAAaCCTGCGGaAAGGATCATTAATGATTTTTaAAAGCGAGTCGAGCGTTAAGCGAGGCTTGCG
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AAATATTTAAAACCCCACTCTTTTTTTAACTTTAAAAAATAAATCATGATACATGAATTTAAAAAA
AGATCACTTTCAACAACGGATCTCTTGGCTCTCGCATCGATGAAGAACGCAGCGAAATGCGATA
AGTAGTGTGAATTGCATAATTTTGTGAATCATCGAATCTTTGAACGCAAATTGCACTCCCTGGTA
TTCtCGGGGAGTATGCCTGTTTtGAGGGTCGTTAGAATtAAAAATtCGAAGCGTcCGCTCTTTTTT
TTTtGAGGGTGgATCGCGcTCcGGAATTGAGCCGTCcTTTCAAAgTGTTAtATTCATGTCAAAGTG
GCTTAAAATTCATCCATCCGGTACGATTAAAGCGTATTTAAGATCAATTTTGATTAAGGACGCGC
GATGACGTACCATCTCATGTAGTACGTTTGACTTGGCGTCGTCAGGTTCATTCGTATACGATACT
CAAACTTTTGACCTCAAATCAGGTAAGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAGG
A
Plant ID: WOP03 – Sample ID: W3 GLOM 8 – Primer: GLOM1310 – Organism:
Rhizophagus irregularis – UNITE Species Hypothesis: SH184262.07FU - GenBank
Accession: AM992831 - Consensus Sequence:
AGCTAGgCTtAaCATTGTTAGGTcGTCAGCttCTTAGaGGGACtATCGGTGTTtAaCCGAtGgAaGT
TtGAGgCAATAaCAGGTCTGTGATGCCcTtAGATGTTCTGGgCCGCACGCGcGCgTACAcTGATGA
AGTCAACGAGTTCATATCcTTtATCGaAAAGATATGGGTAATCTTTTGAAaCTTCATCGTGATGGa
GGATAGgAGcCATTGCAATTATTGCTCcTTCAACGAGGAATtCCCTAGTAaGCACcaAAGTCATCA
GCTtGTGTTGATTAaCGTCCCTGCCCtTTTGTACACACCgGCCCGTCGCTACTACCGATTGAAaTG
aGCTTAGTGAaGACCCcTCGGATTgGGTATTCAGAAGCTTTAACCGGCATCTGTTTGCTGAGAAa
GTTGGTCAAACTTgGTCATTTAGAGGAAGTAAAAGTCGTAACAAAgGTTTCCGTAGGTGAACCT
GCGGAAGGATCATTAATGATTTTTAAAGCGAGTCGAaGCGTTAAGCGAGGCTTKCGAAATATTT
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AAAACCCCACTCTTTTTTTAACTTTAAAAAATAAATCATGATACATGAATTTAAAAAAAGATCACT
TTCAACAACGGATCTCTTGGCTCTCGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGT
GAATTGCATAATTTTGTGAATCATCGAATCTTTGAACGCAAATTGCACTCCCTGGTATTCCGGGG
AGTATGCCTGTTTGAGGGTCGTTAGAATAAAAATCGAAGCGTCGCTCTTTTTTTTGAGGGTGAT
CGCGTCGGAATTGAGCCGTCTTTCAAATGTTAATTCATGTCAAAGTGGCTTAAAATTCATCCATC
CGGTACGATTAAAGCGTATTTAAGATCAATTTTGATTAAGGACGCGCGATGACGTACCATCTCA
TGTAGTACGTTTGACTTGGCGTCGTCAGGTTCATTCGTATACGATACTCAAACTTTTGACCTCAA
ATCAGGTAAGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGA

